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ABSTRACT
M u l l ik e n -W o l f s b e rg -H e lm h o lz  c a l c u l a t i o n s  which p r e d i c t  c e r t a i n  
t r e n d s  as m e thy l  g ro u p s  a r e  appended to e t h y l e n e  have been per formed  
on th e  s e r i e s  o f  m e th y l  s u b s t i t u t e d  e t h y l e n e s .  P r e d i c t e d  s h i f t s  
i n  ene rgy  v e r i f y  t h e  a s s ig n m e n t  by M u l l i k e n  t h a t  t h e  t r a n s i t i o n  
be tween 5 - 7 ev  i s  N -* R (3s )  i n  n a t u r e .
However, s p i n - o r b i t  c o u p l i n g  c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  
weakest: o l e f i n  band a t  ~2700& i s  t o o  i n t e n s e  t o  be a t r i p l e t  a s  i s  
u s u a l l y  assumed.  The s h i f t s  p r e d i c t e d  by  o u r  c o m p u ta t i o n s  f o r  a 
n  -► o * ( 3 s , 2 s )  t r a n s i t i o n  a g r e e  w e l l  w i t h  t h e  p o s i t i o n s  o f  t h e s e  
weak bands  i n  t h e  a b s o r p t i o n  s p e c t r a  of l i q u i d  o l e f i n s .
Tha t  t h e  p r e d i c t e d  t r e n d s  a r e  b e l i e v a b l e  i s  s u p p o r t e d  by 
t h e  f a c t  t h a t  t h e  c o m p u ta t i o n s  a c c u r a t e l y  p r e d i c t  s h i f t s  i n  
i o n i z a t i o n  p o t e n t i a l  and i n  t h e  N -* V t r a n s i t i o n  w i t h  i n c r e a s e d  
m e t h y l a t i o n .  They  f u r t h e r  p r e d i c t  t h a t  the  e x c i t a t i o n  en e rg y  o f  the  
N -* V t r a n s i t i o n  i s  s t r o n g l y  dep en d e n t  on m o l e c u l a r  geometry a s  i s  
o b s e rv e d  e x p e r i m e n t a l l y .
On the  b a s i s  o f  i n t e n s i t y  c a l c u l a t i o n s  i t  i s  p o s t u l a t e d  
t h a t  the N -* R (3s )  t r a n s i t i o n  g a i n s  a t  l e a s t  p a r t  o f  i t s  i n t e n s i t y  
v i a  v i b r o n i c  s t e a l i n g  f rom  t h e  N -* V t r a n s i t i o n .  T h i s  mechanism 
e x p l a i n s  th e  a n o m a l i e s  o b s e r v e d  i n  t h e  i s o t o p i c  r a t i o s  and i n t e n s i t i e s  
o f  t h e  Rydberg d o u b l e t s  i n  t h e  e t h y l e n e  sp e c t ru m .  The v a l i d i t y  o f
t h e  v i b r o n i c  s t e a l i n g  mechanism i s  s u p p o r t e d  by t h e  a p p e a ra n c e  of  
n o n - t o t a l l y  symmetr ic  v i b r a t i o n s  i n  th e  Rydberg sp ec t ru m  of  c y c l o p e n t e n e .
Com pu ta t ions  on c y c l i c  o l e f i n s  p r e d i c t  t h e  p o s s i b i l i t y  of  
s e v e r a l  l o w - l y i n g  tt, tt t r a n s i t i o n s ,  e x p l a i n i n g  th e  u n u s u a l  b r o a d e n i n g  
o f  t h e  N -* V t r a n s i t i o n  i n  t h e s e  m o l e c u l e s .  C omputa t ions  on 
m e t h y l e n e c y c l o a l k a n e s  and c y c l o a l k y l i d e n e c y c l o a l k a n e s  r e v e a l  t h a t  
CT-s train  can  le a d  t o  l o w - l y i n g  tt -» o'* ( v a l e n c e - s h e l l )  t r a n s i t i o n s .
I n  g e n e r a l  i t  i s  conc luded  t h a t  t h e  3s a to m ic  o r b i t a l  can 
m ix  a p p r e c i a b l y ,  i n  b o t h  bond ing  and a n t i b o n d i n g  c o m b in a t i o n s ,  w i t h  
v a l e n c e - s h e l l  o r b i t a l s .
x
CHAPTER I
A HISTORY OF THE ELECTRONIC STRUCTURE AND ULTRAVIOLET 
ABSORPTION SPECTRUM OF ETHYLENE IN THE FORM OF AN 
ANNOTATED BIBLIOGRAPHY
T h is  b i b l i o g r a p h i c a l  h i s t o r y  o f  th e  e t h y l e n e  m o lecu le  and 
i t s  e l e c t r o n i c  t r a n s i t i o n s  i s  in t e n d e d  to  be r a t h e r  com ple te  as  
r e g a r d s  e x p e r i m e n t a l  work.  Only t h o s e  t h e o r e t i c a l  p a p e r s  w hich  we 
f e e l  a r e  p e r t i n e n t  t o  the  development of  th e  p r e s e n t l y  a c c e p te d  
m o l e c u l a r  o r b i t a l  t h e o r y  o f  th e  s t r u c t u r e  of  th e  doub le  bond a r e  
i n c l u d e d .  No a t t e m p t  has  been made t o  c a t a l o g u e  th e  v a s t  number of
p a p e r s  which  have appea red  i n  the  l i t e r a t u r e  d e a l i n g  w i t h  c o m p u ta t io n s
on e t h y l e n e .  Only t h o s e  a r e  in c lu d e d  which le d  t o  new a s s ig n m e n t s  of  
e l e c t r o n i c  t r a n s i t i o n s .  Being a h i s t o r y ,  r e f e r e n c e s  a r e  p r e s e n t e d  
i n  t h e i r  c h r o n o l o g i c a l  o r d e r  of  app e a ra n c e  i n  th e  l i t e r a t u r e .
We r e p ro d u c e  in  each  case  t h e  n o t a t i o n  used in  th e  
i n d i v i d u a l  p a p e r  w i t h o u t  a t t e m p t i n g  t o  upda te  any  t r e n d s  o r  c o n v e r t  
t o  u n i fo rm  n o t a t i o n .  For  example ,  i n  th e  c o o r d i n a t e  frame used by 
M u l l i k e n ,  one might  f i n d ,  depend ing  on the t ime o f  t h e  p a r t i c u l a r  
p u b l i c a t i o n ,  th e  lo w e s t  a l low ed  v a l e n c e - s h e l l  s i n g l e t - s i n g l e t  
t r a n s i t i o n  in  e t h y l e n e  b e i n g  r e p r e s e n t e d  by any of  t h e  f o l l o w i n g :
L A  - >  L B ,  L B  « -  L A ,  1A 1 - *  1 B 1 ,  1 B 1 -  L A .  ,  TT - >  T T * ,  T t *  -  TT,’ ’ l g  l u ’ lu  l g ’ ’ ’
N -  V,  V H, ( b 3u ) ( b 2 g ) -  ( b 3 u) 2 , ( b 3 u ) 2 -  ( b 3 u) ( b 2 g ) .
[x  + x ]  -> [x - x ] \  [x - x ]^  «- [x + x ]  ^ .
A l l  r e f e r  t o  th e  same t r a n s i t i o n .
1
2
(1) J .  S t a r k ,  W. S t e u b i n g ,  C . J .  E n k l a a r  and P. Lipp ,  "Die u l t r a v i o l e t t e n
A b s o rp t io n b a n d e n  d e r  w e c h s e l s e i t i g e n  Bindung von K o h le n s to f f a to m e n .
I .  M ethod ik ,  A t h y l e n b i n d u n g . "
J a h r b u c k  d e r  R a d i o a k t i v i t a t  und E l e k t r o n i k ,  10, 139-174 (1913).
( l a )  J .  S t a r k  und P. L ipp ,  " E i n f l u s s  d e r  i n n e rm o le k u l a r e n  Re la t ivbewegung  
aud d i e  I n t e n s i t a t  d e r  A b s o r p t io n  und F l u o r e s z e n z  von 
V a l e n z e l e k t r o n e n . "
Z. f u r  P h y s ik  Chem., 86A, 36-41 (1914) .
These two r e f e r e n c e s  r e p o r t  th e  f i r s t  e t h y l e n e  a b s o r p t i o n  
s p e c t ru m  t o  a p p e a r  i n  the  l i t e r a t u r e .  I t  i s  v e r y  q u a l i t a t i v e ,  showing 
the  o n s e t  o f  a b s o r p t i o n  t o  be below 200 m i l l i m i c r o n s  and hav ing  two 
peaks  a t  a bou t  193 and 197 m i l l i m i c r o n s .
(2)  R.S.  M u l l i k e n ,  " E l e c t r o n i c  S t r u c t u r e  of  P o ly a to m ic  M olecu les  and
V a le n c e .  I I .  Quantum Theory  o f  the  Double Bond."
Phys .  R ev . ,  41,  751-758 (1932 ) .
M u l l i k e n  f i r s t  examined a r a d i c a l  s i t u a t e d  so t h a t  t h e
z - a x i s  b i s e c t s  t h e  H-C-H a n g l e ,  the  x - a x i s  b e in g  p e r p e n d i c u l a r  t o  the
p l a n e .  He d e s c r i b e d  the  g round s t a t e  in  te rm s  o f  m o lecu la r  o r b i t a l s
a s
n 2 r n2 r - |2r -,2 1 _I s  [ s ]  [ y ]  [ z ]  , r L,
where [ s ]  i s  composed m o s t ly  o f  2 s ,  some I s ,  and a l i t t l e  2pz ;
[ x ]  o f  2p o n l y ;  [ y ]  o f  2p and I s ;  [ z ]  o f  2p , some I s  and a l i t t l e  x  y 2
2s .  The p r o b a b l e  l o w e s t  e x c i t e d  s t a t e  would be 
l s 2 [ s ] 2 [ y ] 2 [ z ] [ x ] ,  3r3.
Using  th e  c r i t e r i o n  of  maximum o v e r l a p ,  he formed t h e  e t h y l e n e
3
m o l e c u l e  b y  s i t u a t i n g  t w o  m e t h y l e n e  r a d i c a l s  i n  t h e  sam e p l a n e  
s o  t h a t  t h e i r  z - a x i s  c o i n c i d e .  T h i s  a l l o w s  t h e  t w o  [ z ]  o r b i t a l s  t o  
f o r m  a s t r o n g  a - b o n d ,  t h e  t w o  [ x ]  o r b i t a l s  f o r m i n g  a l e s s  s t r o n g  
TT-bond. T h i s  y i e l d s  t h e  g r o u n d  s t a t e  o f  p l a n e  e t h y l e n e  a s
l s 2l s 2 [ s ] 2[ s ] 2 [ y ] 2 [ y ] 2 [ z + z ] 2 [ x + x ] 2, Lr i g .
T h i s  p r o c e s s  a l s o  y i e l d s  what  a r e  p r o b a b l y  th e  two low es t  
e x c i t e d  s t a t e s  o f  p l a n e  e t h y l e n e :
l s 2l s 2 [ s ] 2 [ s ] 2 [ y ] 2 [ y ] 2 [ z + z ] 2 [ x + x ] [ x - x ] ,  3 T ^ u ,
3
He n e x t  c o n s id e r e d  what  would happen i f  th e  two methy lene  
r a d i c a l s  were b ro u g h t  t o g e t h e r  w i t h  t h e i r  p l a n e s  p e r p e n d i c u l a r .  The 
[ z ]  o r b i t a l s  would o v e r l a p  a s  b e f o r e  b u t  the  [ x ] ' s  would o v e r l a p  
not  a t  a l l ,  l e a d i n g  t o :
l s 2l s 2 [ s ] 2 [ s ] 2 [ y ] 2 [ y ] 2 [ z + z ] 2 [ x ] [ x ] ,  3r y
T h i s  non -bond ing  s i t u a t i o n  o f  the  [x ]  o r b i t a l s  i n
p e r p e n d i c u l a r  e t h y l e n e ,  i s  p r o b a b l y  more s t a b l e  th a n  th e  p l a n e
form, 1r 4 u , beca use  t h e  [ x - x ]  i s  more a n t i b o n d i n g  th a n  th e  [x+x]
i s  b ond ing .  Thus one would e x p e c t  the  lo w e s t  a l low ed  t r a n s i t i o n
1 1  1 i n  e t h y l e n e  t o  be r ^ g -* r 4u_- t h e  p la n e  form, r 4 u , th e n  go ing  o ve r
t o  a p e r p e n d i c u l a r  ^ 2  s t a t e .
(3)  R.S.  M u l l i k e n ,  " E l e c t r o n i c  S t r u c t u r e s  o f  P o ly a to m ic  M olecu les  and
V a le n c e .  IV. E l e c t r o n i c  S t a t e s ,  Quantum Theory  of  th e  
Double Bond ."
Phys .  R e v s . ,  43,  279-302 (1933 ) .
I n  the p r e v i o u s  p a p e r ,  M u l l i k e n  used group t h e o r e t i c a l
n o t a t i o n  f o r  th e  v a r i o u s  e l e c t r o n i c ,  s t a t e s  w i th o u t  g i v i n g  any  d e t a i l s
of  group t h e o r e t i c a l  methods .  He d id  so  i n  t h i s  p a p e r ,  t r e a t i n g
i n  t h e  C^v  g r o u p ,  p l a n e  e t h y l e n e  i n  V^ ( = ^2h^ ’ Pe r Pe n ^ i - C u l a r  e t h y l e n e
i n  V^ ( = 0 ^ ^ ) ,  and i n t e r m e d i a t e  e t h y l e n e  in  V ( - B ^ )  . In  the  s t a n d a r d
n o t a t i o n ,  the  lo w es t  s p i n - a l l o w e d  t r a n s i t i o n  in  p l a n a r  e t h y l e n e  should
be V  -  1B1 . l g  lu
(4) C.P.  Snow and C„B. A l l s o p p ,  " E l e c t r o n i c  L eve ls  of  P o ly a to m ic
M o le c u le s .  I .  Some L e v e l s  of  t h e  C = C Double Bond."
Trans .  F a r .  S o c . , 30, 93-99 (1934 ) .
T h i s  r e p r e s e n t s  th e  f i r s t  a t t e m p t  t o  c o r r e l a t e  M u l l i k e n ' s
method of  m o l e c u la r  o i b i t a l s  w i t h  e x p e r i m e n t .  They obse rved  th e
e t h y l e n e  s p e c t ru m  t o  have d i f f u s e  s t r u c t u r e  w i t h  band c e n t e r s  as
shown i n  Tab le  1 -1 .  They a s s i g n e d  t h i s  t r a n s i t i o n  a s  the  a l lowed  
1 1A -» B ( t t  -* T T * )  as  s u g g e s t e d  by M u l l i k e n .  The weakness  of  th e  
t r a n s i t i o n  ( l o g  e = - 1 . 0  -» 2 .0 )  was e x p l a i n e d  by the  f a c t  t h a t  th e  
a b s o r p t i o n  maximum must l i e  i n  th e  Schumann r e g i o n  beyond th e  l i m i t s  
of  t h e i r  measurements .
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(5) G. Scheibe  und H. G r i e n e i s e n ,  " i jber  d i e  L i c h t a b s o r p t i o n  e i n i g e r
K o h l e n s t o f f v e r b i n d u n g e n  i n  Schumann - U l t r a v i o l e t t . "
Z e i t s .  f .  P h y s ik  Chemie, 25B, 52-56 (1 9 3 4 ) .
These w orke rs  r e p o r t e d  t h e  s p e c t ru m  of e t h y l e n e  v a p o r  as  
h a v in g  s t r u c t u r a l  peaks  a t  th e  wave-numbers g i v e n  i n  T a b le s  1-1 and 
1 -3 .  They were e x p e r i m e n t a l l y  l i m i t e d  t o  t h e  r e g i o n  above 1650$ 
and made no a t t e m p t  a t  a n a l y s i s  of  t h e  s pec t rum .
(6)  E . J .  H i l g e n d o r f f ,  "Die A b s o r p t i o n s s p e k t r e n  von B l a u s a u r e ,
H y d raz in ,  A th y le n  und Ammoniak i n  Schumann - G e b ie t  und von 
H ydraz in  i n  Q u a r z u l t r a v i o l e t t . "
Z e i t s .  f .  P h y s ik ,  95,  781-788 (1 9 3 5 ) .
T h i s  r e f e r e n c e  seems q u i t e  q u a l i t a t i v e  and i s  i n c l u d e d  o n ly  
f o r  c o m p le te n e s s .
(7)  W.C. P r i c e  and W.T. T u t t e ,  "The A b s o r p t i o n  S p e c t r a  o f  E t h y l e n e ,
D e u t e r o - e t h y l e n e  and some A l k y l - s u b s t i t u t e d  E t h y l e n e s  in  
t h e  Vacuum U l t r a - v i o l e t . "
P ro c .  Roy. Soc. (London) ,  174,  207-220 (1940) .
T h i s  pape r  r e p r e s e n t s  a m a jo r  c o n t r i b u t i o n  t o  our  knowledge 
o f  the  e t h y l e n e  sp ec t ru m .  I t  was o b s e rv ed  p h o t o g r a p h i c a l l y  from 2000$ 
t o  1000$ a t  a p r e s s u r e  o f  0 .01  mm i n  a p a t h l e n g t h  of  2 m e t e r s .  
A b s o r p t i o n  s t a r t s  a b r u p t l y  a t  1745$ and has  a w e l l - d e f i n e d  p a t t e r n  
o f  bands  down t o  abou t  1600$.  T h i s  p a t t e r n  t h e n  r e p e a t s  i t s e l f  w i t h  
some m o d i f i c a t i o n s  and s m a l l e r  i n t e n s i t i e s  s t a r t i n g  a t  1390$,  which 
i s  f o l lo w e d  a t  1290$ by an  even weaker  s e t  o f  bands., The a u t h o r s
obse rved  t h a t  such  b e h a v i o r  i s  t y p i c a l  o f  a sys tem  of  e l e c t r o n i c  
bands  c o n v e r g i n g  t o  an i o n i z a t i o n  l i m i t .  They chose as  vq ' s th o s e  
bands w h ich  undergo  a s m a l l  s h i f t  t o  s h o r t e r  w a v e le n g th s  i n  go ing  
from t o  ^ 2^4 anC* c o n s t r u c t e c * t ^e f o l l o w i n g  Rydberg s e r i e s :
v n = 84 ,750  - R / ( n  + 0 . 9 1 ) 2 n = 2 , 3 , 4 , e t c .  - C„H o '  •
2
2 4
v” = 84 ,850  - R / (n  + 0 .9 2 )  n = 2 , 3 , 4 , e t c .  =
Using  t h e s e  fo rm u lae  t h e y  o b t a i n e d  th e  f o l l o w i n g  compar ison  
be tween  o b s e rv e d  and c a l c u l a t e d  f r e q u e n c i e s :
C„H, s e r i e s  
—2~4— ---------
s e r i e s
O bs . C a l c . Obs . C a lc .
57 ,340 54 ,660 57,620 55 ,068
71 ,790 71 ,7 9 0 72 ,020 71 ,978
77,600 77 ,572 77 ,710 77 ,708
80 ,215 80 ,198 80,360 80,316
81 ,625 81 ,608 ------ ------
The deduced  i o n i z a t i o n  p o t e n t i a l  from th e  s e r i e s  l i m i t  i s  
10 .45  ev i n  good a g ree m en t  w i t h  e l e c t r o n  impact  v a l u e s  ( 1 0 .8 0  ± 0 . 0 5  ev) 
They i n t e r p r e t e d  t h e  s e r i e s  as  b e in g  due to  -* [x+x]
■L &
ns a,  , B„ . 
l g  3u
These band sy s tem s  cons i s t ,  o f  d o u b l e t s .  The main s p a c in g  
be tween  d o u b l e t s  ( a b o u t  1370 cm  ̂ i n  t h e  1700$ p a t t e r n )  was a s s ig n e d
as ( 1)t h e  t o t a l l y  sym m etr ic  CC s t r e t c h ,  j j which  has  a v a l u e  o f
-1 ( 1) 1623 cm i n  t h e  ground  s t a t e  o f  e t h y l e n e .  That  th e  v a l u e  o f  vfc | j
i n c r e a s e s  t o  1450 cm  ̂ i n  t h e  1390$ p a t t e r n  and h i g h e r  p a t t e r n s  was
s a i d  t o  be due t o  t h e  f a c t  t h a t  t h e  f i r s t  Rydberg o r b i t a l  i s  a l i t t l e
more a n t i b o n d i n g  th a n  s u b se q u e n t  ones .
The s p a c in g  be tween  th e  d o u b l e t s  i s  ab o u t  470 cm  ̂ in  
and 300 cm  ̂ i n  £2^4 ^ or  t *ie  fi-r s t  t h r e e  members of  t h e  Rydberg s e r i e s .  
On t h e  b a s i s  of  i t s  i s o t o p i c  r a t i o  ( 1 .5 7 )  i t  was a s s i g n e d  a s  a 
t w i s t i n g  o f  th e  two CH^ g roups  (6 v i b r a t i o n ) , ,  The a u t h o r s  observed  
two u n e x p l a in e d  phenomena;
1. I n  t h e  1740$ sys tem  b o th  components of  the  d o u b l e t s  
a r e  e q u a l l y  s t r o n g ;  in  the  1390$ s ys tem  and h i g h e r  ones ,  th e  long 
w a v e le n g th  component i s  v e r y  much weaker .
2. They a l s o  e x p r e s s e d  puzz lement a t  th e  f a c t  t h a t  on ly  
one quantum of  t h i s  6 v i b r a t i o n  i s  a l low ed  t o  a p p e a r  a t  a t im e .
Tab le  1-3  shows t h e i r  obse rved  f r e q u e n c i e s  in  the  1700$ 
p a t t e r n  f o r  anc  ̂ ^ 2 ^ 4 ’ a -*'°n® w i t h  r e p o r t e d  vq ' s f o r  t h e  Rydberg
s e r i e s .
The f r e q u e n c i e s  a t  58 ,340 ,  59 ,650 ,  60 ,9 3 0 ,  and 62 ,195  cm ^
f o r  were s a id  to  c o r r e s p o n d  t o  a new type  v i b r a t i o n  of  a bou t
730 cm Two o t h e r  much weaker  Rydberg s e r i e s ,  s t a r t i n g  a t  65 ,880  cm  ̂
- 1
and 69 ,640  cm , r e s p e c t i v e l y  were obse rved  go ing  t o  the  same i o n i z a t i o n  
1 imi t .
The a u t h o r s  commented t h a t  t h e  weaker  s y s tem  a t  l o n g e r
w a v e le n g th s  c o n s i s t i n g  o f  a p r o g r e s s i o n  h av in g  a mean f r e q u e n c y
- 1 1 - 1 1 s e p a r a t i o n  o f  750 cm i s  p r o b a b l y  A^ -> [ x - x ,  [ x - x ,  ’
"̂B, i n  n a t u r e .  S ince  t h i s  o c c u r s  from a p l a n a r  ground s t a t e  t o  a lu
p e r p e n d i c u l a r  e x c i t e d  s t a t e ,  they  e x p e c t  a long  p r o g r e s s i o n  o f  
t w i s t i n g  v i b r a t i o n s .  T h i s  p r o g r e s s i o n  does seem t o  m a n i f e s t  i t s e l f  
a s  a lo n g ,  c o n t in u o u s  a b s o r p t i o n  hav ing  a maximum a t  1630$ and
a p p e a r i n g  a s  a background t o  t h e  d i s c r e t e  Rydberg sys tem  s t a r t i n g  
a t  17008.
( 8) H. Sponer and E. T e l l e r ,  " E l e c t r o n i c  S p e c t r a  of  Po lya tom ic
M o l e c u l e s . "
Revs.  Mod. P h y s . ,  L3, 76-170 (1941) .
In  Tab le  E on page 138 o f  t h i s  r e f e r e n c e ,  t h e  comment i s  made 
t h a t  t h e r e  i s  no s a t i s f a c t o r y  e x p l a n a t i o n  f o r  the  sys tem  of d o u b l e t s  
i n  the  Rydberg s e r i e s  of  e t h y l e n e .
(9)  R.S.  M u l l i k e n  and C.A. R ie ke ,  "M olecu la r  E l e c t r o n i c  S p e c t r a ,
D i s p e r s i o n  and P o l a r i z a t i o n ,  The T h e o r e t i c a l  I n t e r p r e t a t i o n  
and Computa t ion  of  O s c i l l a t o r  S t r e n g t h s  and I n t e n s i t i e s . "  
" R e p o r t s  on P r o g r e s s  i n  P h y s i c s , "  Phys .  Soc. (London) ,  8 , 
231-273 (1 9 4 1 ) .
On page 249 i n  Tab le  2 of  t h i s  r e f e r e n c e  the  t h e o r e t i c a l  
o s c i a l l t o r  s t r e n g t h  f o r  the  N -» V t r a n s i t i o n  i n  e t h y l e n e  i s  r e p o r t e d  
t o  be ab o u t  0 .3 0 .
(10) R.S.  M u l l i k e n ,  " S t r u c t u r e  and U l t r a v i o l e t  S p e c t r a  o f  E t h y le n e ,
B u t a d i e n e ,  and T h e i r  A lky l  D e r i v a t i v e s . "
Revs.  Mod. P h y s . ,  14,  265-274  (1942 ) .
M u l l i k e n  a g re e d  w i t h  P r i c e  and T u t t e  t h a t  the  broad  
c on t inuum  i n  e t h y l e n e  (peak  a t  16308) i s  the  N -♦ V and t h a t  the  
s h a r p  sup e rp o sed  bands  a r e  N -* R. The f r e q u e n c y  of  C=C s t r e t c h  
i n  t h e  N, o r  g round ,  s t a t e  i s  1623 cm The f r e q u e n c y  shou ld  be 
reduce d  by t h e  removal  of  an e l e c t r o n  from th e  bonding  tt-MO, b u t  not
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much e f f e c t e d  by the  p r e s e n c e  o f  an e l e c t r o n  i n  t h e  Rydberg o r b i t a l .
The obse rved  f r e q u e n c y  1375 cm  ̂ i n  s t a t e  R a g r e e s  w i t h  t h i s  e x p l a n a t i o n .
In  s t a t e  V t h e r e  sh o u ld  be a s t r o n g  a d d i t i o n a l  r e d u c t i o n  i n  v because
of  an e l e c t r o n  i n  th e  TT* a n t i b o n d i n g  o r b i t a l ,  a g r e e i n g  w i t h  the
obse rved  f r e q u e n c y  o f  a bou t  800 cm
He ag ree d  t h a t  t h e  a s s ig n m e n t  o f  th e  d o u b l e t  s p a c i n g  on th e
N -* R of 470 cm  ̂ a s  a t w i s t i n g  v i b r a t i o n  (M u l l i k e n  h e r e  r e f e r s
t o  the  t w i s t i n g  v i b r a t i o n  as  v., b u t  i n  l a t e r  p a p e r s  u s e s  H e r z b e r g ' s
d e s i g n a t i o n ,  v^) a g r e e s  w i t h  a p l a n a r  e q u i l i b r i u m  form o f  t h e  R
s t a t e  w i th  g r e a t l y  r educed  r e s i s t a n c e  t o  t w i s t i n g .  The f r e q u e n c y
i n  s t a t e  N i s  abou t  825 cm However,  s e l e c t i o n  r u l e s  f o r  a p l a n a r
m o lecu le  demand t h a t  t h i s  470 cm  ̂ must c o r r e s p o n d  t o  two q u a n ta
of  v , .4
(11) J .R .  P l a t t  and H.B. K le v e n s ,  " S p e c t r o s c o p y  of  O rg a n ic  M olecu les
i n  t h e  Vacuum U l t r a v i o l e t . "
Revs.  Mod. P h y s . ,  1 6 ,  182-223 (1944) .
In  Tab le  I I  on page 205 of  t h i s  r e f e r e n c e  i s  p r e s e n t e d  a 
summary of  s p e c t r a l  d a t a  on e t h y l e n e  and d e u t e r o - e t h y l e n e .
(12) R.S.  M u l l i k e n  and C .C .J .  Roothan ,  "The T w i s t i n g  F re q u e n c y  and
th e  B a r r i e r  H e igh t  f o r  F r e e  R o t a t i o n  i n  E t h y l e n e . "
Chem. R e v s . ,  41, 219-231 (1 9 4 7 ) .
By use of  th e  s e m i e m p i r i c a l  LCAO MO method,  v a r i a t i o n  o f  th e  
e n e r g y  o f  th e  e t h y l e n e  m olecu le  on chang ing  th e  a n g l e  be tw een  methy lene  
g roups  was computed f o r  th e  s t a t e s  N, T, V, and Z o f  the  m o lecu le  and 
th e  normal  s t a t e  I  o f  th e  e t h y l e n e  p o s i t i v e  i o n .  The t r e a t m e n t
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in v o l v e s  th e  s i x  o u t e r  e l e c t r o n s  and t a k e s  i n t o  a c c o u n t  t h e  phenomenon
of  h y p e r c o n j u g a t i o n .  The e x i s t e n c e  of  h y p e r c o n j u g a t i o n  p a r t i a l l y
o f f s e t s  th e  l o s s  o f  bond s t r e n g t h  i n  90° t w i s t e d  e t h y l e n e .
For  s t a t e  N t h e y  o b t a i n e d  a p o t e n t i a l  f u n c t i o n  which i s
a l m o s t  p a r a b o l i c  w i t h  a s m a l l  p o s i t i v e  a n h a r m o n i c i t y .  They computed
- 1
a r a n g i n g  be tween  648 and 892 cm d ep en d in g  on p a r a m e t e r s  used .
T h i s  a g r e e s  v e r y  w e l l  w i t h  t h e  i n f r a r e d  v a l u e  of 800 cm The
p a r a m e t e r s  chosen  could  n o t  a c c o u n t  f o r  t h e  sm a l l  v a l u e  (235 cm ^
f o r  C„H. and 145 cm  ̂ f o r  C_,Q.) o f  v,  obse rved  i n  t h e  R s t a t e  ( t a k e n  2 4 2 4 4
t o  be t h e  same in  s t a t e  I ) . They s t a t e d  t h a t  f o r  a s u i t a b l e  c h o ice  of
p a r a m e t e r s  t h e  e x p e r i m e n t a l  cou ld  be matched.  They f u r t h e r
j.
p r e d i c t e d  an i s o t o p e  e f f e c t  on a g a i n s t  G2^ 4  ̂ ^
i s  s m a l l e r  t h a n  t h e  o bse rved  u l t r a v i o l e t  r a t i o .  T h i s  t h e y  s a id  could  
be e x p l a i n e d  by a v e r y  s t r o n g  p o s i t i v e  a n h a r m o n i c i t y ,  a c o n d i t i o n  which 
a l s o  cou ld  be matched by a s u i t a b l e  c h o ic e  of  p a r a m e t e r s .
(13) J .R .  P l a t t ,  H.B, K le v e n s ,  and W.C. P r i c e ,  " A b s o r p t i o n  I n t e n s i t i e s  
o f  E t h y l e n e s  and A c e t y l e n e s  i n  t h e  Vacuum U l t r a v i o l e t . "
J .  Chem. P h y s . ,  17,  466-469 (1948 ) .
T h i s  r e p r e s e n t s  th e  f i r s t  a t t e m p t  t o  measure th e  a b s o l u t e
i n t e n s i t y  of  t h e  e t h y l e n e  a b s o r p t i o n .  Using a hydrogen a r c  source
and p h o t o g r a p h i c  d e t e c t i o n ,  t h e y  cou ld  no t  go beyond 1550$. Below
t h i s  w a v e le n g th  t h e y  e s t i m a t e d  t h e  i n t e n s i t y  from r e p r o d u c t i o n s  of
P r i c e ' s  p r e v i o u s  work which  i n d i c a t e d  t h a t  th e  i n t e n s i t y  goes  n e a r l y
t o  z e r o  a t  1400$.  For  t h e  N — V t r a n s i t i o n  they  r e p o r t e d  th e  a b s o r p t i o n
maximum a t  \  -  1625$ ( v = 61500) w i t h  e = 15 ,000  and a w id thmax max max
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of  5 ,200  cm ■*". The i n t e g r a t e d  a r e a  y i e l d e d  an f - v a l u e  o f  0 . 3 4  ± 0 .1 5
which  a g r e e s  w e l l  w i t h  th e  t h e r o e t i c a l  v a l u e  of  M u l l i k e n  and Rieke .
They were a b l e  t o  measure o n ly  t h e  f i r s t  two d o u b l e t s  of
t h e  Rydberg and found th e  second p a i r  t o  be ab o u t  0 . 8  a s  i n t e n s e  as
th e  f i r s t .  Fo r  t h e  f i r s t  t h e y  r e p o r t  X = 1743$,  v = 57360,max max
e = 5 ,5 0 0 ,  and w i d t h  = 230 cm ^ . For  th e  second ,  X -  1729$,  max ’ ’ max ’
-1  -1 v = 57840 cm , e = 3 ,000  and w id th  = 230 cm . The o t h e r  t h r e emax ’ max
d o u b l e t s  were s k e t c h e d  i n  by com par ison  w i t h  P r i c e ' s  r e p r o d u c t i o n s .
They e s t i m a t e d  t h a t  t h e  t o t a l  f - v a l u e  of  th e  g roup  o f  f i v e  i s  t h r e e  
o r  f o u r  t im e s  th e  f - v a l u e  of  t h e  f i r s t  d o u b l e t ,  o r  ab o u t  0 .0 3  ± 0 . 0 1 .
(14) D.P.  C r a i g ,  " P o l a r  S t r u c t u r e s  i n  th e  Theory  o f  Con juga ted
M o le c u le s .  I .  I d e n t i f i c a t i o n  of  t h e  E t h y le n e  r r - e l e c t r o n
S t a t e s . "
P ro c .  Roy. Soc.  (London),  A200 , 272-283 (1950) .
At t h i s  p o i n t  i n  th e  h i s t o r y  some c o n f u s i o n  e x i s t e d  a s  t o
w h e th e r  the  s t r u c t u r e d  bands  a t  th e  o n s e t  o f  a b s o r p t i o n  were p a r t  o f
t h e  N -> V p r o g r e s s i o n  o r  a s e p a r a t e  e l e c t r o n i c  t r a n s i t i o n .  The l a t t e r
seemed a n a l o g o u s  t o  t h e  case  o f  a l k y l  s u b s t i t u t e d  e t h y l e n e s  where a
s e p a r a t e  t r a n s i t i o n  d e f i n i t e l y  o c c u r s  a t  lower e n e r g y  t h a n  th e  N -* V.
Snow and A l l s o p p  a s s i g n e d  i t  as  t h e  N -* T t r a n s i t i o n  a s s o c i a t e d  w i t h
t h e  N -* V. M u l l i k e n  conceded t h a t  t h i s  a s s ig n m e n t  might  be c o r r e c t .
Us ing  a v a l e n c e - b o n d  t rea tm en t ,  and an augmented b a s i s  s e t
c o n t a i n i n g  p o l a r  s t r u c t u r e s  a s  w e l l  a s  t h e  o r d i n a r y  n o n - p o l a r  one,
1 1C ra ig  a s s i g n e d  th e  weak bands (~2000$) a s  b e in g  A -* A , i . e .
8 8
2 2t h e  doub le  e x c i t a t i o n  ( tt)  -* (n*) . The b road  band p e a k in g  a t
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1630$ was t a k e n  t o  be -* ^B. ( rr —» Tt*) •g l u  '
(15)  P.G. W i lk in s o n  and H.L.  J o h n s t o n ,  "The A b s o r p t io n  S p e c t r a  of
M ethane ,  Carbon D io x id e ,  Water  Vapor ,  and E th y le n e  i n  the  
Vacuum U l t r a v i o l e t . "
J .  Chem. P h y s . ,  ljB, 190-193 (1 9 5 0 ) .
E t h y l e n e  was pho to g rap h e d  i n  a b s o r p t i o n  on s i x  p l a t e s  from 
1430 t o  2000$ a t  p r e s s u r e s  from 0 .0 2  to  0 . 4  mm. The broad  cont inuum 
h a s  a maximum v a l u e  o f  a b s o r p t i o n  c o e f f i c i e n t  a  of ab o u t  800 a t  
1614$.  T h i s  compares w i t h  a v a l u e  o f  a  ~ 1600 a t  1625$ as  r e p o r t e d  
by P l a t t ,  K h e v e r s ,  and P r i c e .  They c a l c u l a t e  f o r  th e  N -♦ V t r a n s i t i o n  
an  o s c i l l a t o r  s t r e n g t h  o f  0 . 3 0 .  A d ja c e n t  to  the  maximum t h e y  r e p o r t e d  
s t r o n g  bands  a t  1652, 1665, 1689,  1729, and 1744$.
(16) W.E. M o f f i t t ,  "The U l t r a - V i o l e t  Spect rum of  E t h y l e n e . "
P r o c .  Roy. Soc.  (London),  A63,  1292 (1 9 5 0 ) .
1 3Using  a m o d i f i e d  ASMO t h e o r y ,  M o f f i t t  p r e d i c t e d  a B^u - B^u
s p l i t t i n g  i n  e t h y l e n e  o f  1 .1  ± 0 . 3  e v .  He f u r t h e r  found th e  e x c i t e d
^A s t a t e  o f  C r a i g  t o  be a t  l e a s t  7 ev above th e  ^B, s t a t e .  Thus 
g lu
he a g r e e d w i t h  Snow and A l l s o p p  t h a t  t h e  weak d i f f u s e  a b s o r p t i o n
a t  ~2000$ i s  ^A -* "̂ B, , t h e  b road  con t inuum (peak  a t  1630$) i s  the  g l u ’
(17) C. R e id ,  " O b s e r v a t i o n  of  D i s c r e t e  Bands i n  t h e  Near U l t r a v i o l e t  
A b s o r p t i o n  Spect rum o f  L iq u id  E t h y l e n e . "
J .  Chem. P h y s . ,  18,  1299-1300 (1 9 5 0 ) .
The a b s o r p t i o n  s p e c t ru m  o f  l i q u i d  e t h y l e n e  a t  120°K was run
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i n  th e  r ange  2000 t o  4000$.  With  a p a t h  o f  1 .25  m e te r s  th e  c o n t in u o u s
a b s o r p t i o n  a t  2000$ was seen  t o  e x t e n d  t o  ab o u t  2600$.  Between 2600
and 4000$ i n  a p a t h l e n g t h  o f  2 . 5  m e te r s  bands  were obse rved  a t
f r e q u e n c i e s  g iv e n  in  T ab le  1 -4 .  They have an a v e ra g e  s p a c in g  of
995 cm  ̂ s i m i l a r  t o  the  s p a c i n g  i n  t h e  r e g i o n  o f  2000$ ,  b u t  of  much
- 4lower  i n t e n s i t y  ( a  = 10 ) .
Reid a s s i g n e d  t h i s  t r a n s i t i o n  a s  t h e  T <- N which i s  b o th  
s p i n  f o r b i d d e n  and s t r o n g l y  F ranck-Condon f o r b i d d e n  i n  t h e  r e g i o n  
o b s e rv e d .  The p h o s p h o re s c e n c e  could  no t  be observed  in  th e  r e g i o n  
from 3000$ t o  10 ,000$ .  He s u g g e s t e d  such  e m is s i o n  would p r o b a b l y  
l i e  i n  the  i n f r a - r e d  beyond th e  p h o t o g r a p h i c  r e g i o n .
He n o te d  t h a t  a n o t h e r  p o s s i b l e  a s s ig n m e n t  would be V «- N 
where t h e  V s t a t e  i s  i n  t h e  s t a b l e  p e r p e n d i c u l a r  form. Such a 
t r a n s i t i o n  i s  h i g h l y  Franck-Condon f o r b i d d e n .
(18) A.D. Walsh ,  "The E l e c t r o n i c  O r b i t a l s ,  Shapes ,  and S p e c t r a  of  
P o ly a t o m ic  M o le c u le s .  P a r t  IX. Hexatomic M o le c u le s :
E t h y l e n e . "
J .  Chem. Soc.  (London) ,  1953,  2325-2329.
Walsh s u g g e s t e d  t h a t  t h e  f i r s t  e x c i t e d  s t a t e  of  e t h y l e n e  
( t r i p l e t  or  s i n g l e t )  shou ld  have ( i )  a p y ra m id a l  a r r a n g e m e n t  of  t h e  
bonds a b o u t  eac h  C atom, ( i i )  one C ^  t w i s t e d  r e l a t i v e  t o  th e  o t h e r  
t h r o u g h  90° ab o u t  t h e  C-C bond,  and ( i i i )  each  C atom p o s s i b l y  
s l i g h t l y  o u t  o f  t h e  m i r r o r  p l a n e  t h a t  b i s e c t s  t h e  HCH a n g le  o f  th e
o t h e r  CH£ g roup .  He co n f i rm s  t h a t  t h e  l o w e s t  e n e rg y  s i n g l e t - s i n g l e t
1 2 1t r a n s i t i o n  i s  (b„ ) ( b „  ) ,  B, < - ------ (b„ ) , A, . I n  l i g h t  o f3u' 2g ’ l u  3uy ’ l g
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h i s  e x p e c t e d  shape of  t h e  s t a t e  he e x p e c t s  t h e  f o l l o w i n g  v i b r a t i o n s
might  a p p e a r  i n  t h e  t r a n s i t i o n :
( i )  t h e  C-C v a l e n c e  v i b r a t i o n ,  v_a (1623 cm  ̂ i n  th e  ground
^ §
s t a t e ) .
( i i )  t h e  C ^ - C ^  t w i s t i n g  v i b r a t i o n ,  (1027 cm ^ i n  t h e
ground  s t a t e ,  p r e v i o u s l y  t a k e n  a s  800 cm  ̂ by M u l l i k e n  and o t h e r s ) .
( i i i )  one or  b o th  o f  t h e  o u t - o f - p l a n e  b e n d in g  v i b r a t i o n s ,
V-.b. and v Qb (949 and 943 cm ^) .7 l u  8 2g '
( i v )  one o r  b o th  of  t h e  i n - p l a n e  d e f o r m a t i o n  v i b r a t i o n s ,
virib .  and v.-b. (995 and 1050(?)  cm ^) .10 2u 6 l g
(v) one or  b o th  o f  t h e  d e f o r m a t i o n  v i b r a t i o n s ,  and v ^ *
( v i )  one or  b o th  o f  th e  CH s t r e t c h i n g  v i b r a t i o n s ,  and v ^ .
He c o n c lu d e s  t h a t  \>2 and a r e  most  l i k e l y ,  b u t  a l l  the  
above a r e  p o s s i b l e .
(19) M. Z e l i k o f f  and K. Watanabe,  " A b s o r p t i o n  C o e f f i c i e n t s  o f  E th y le n e  
i n  t h e  Vacuum U l t r a v i o l e t . "
J .  Opt.  Soc.  Am., 43,  756-759 (1954 ) .
These a u t h o r s  p r e s e n t e d  a w e l l - r e s o l v e d  s p e c t ru m  o f  e t h y l e n e  
i n  which  t h e y  used  a p h o t o e l e c t r i c  method of  d e t e c t i o n  f o r  d e t e r m i n i n g  
i n t e n s i t i e s .  They obse rved  t h e  a b s o r p t i o n  f rom 2000 t o  1065$ and 
d i v i d e d  t h e  s p e c t ru m  i n t o  t h r e e  r e g i o n s :  A (1375 -2000$) , B (1 0 9 0 -1360$),
and C(<1090$) . T h e i r  e n t i r e  s p e c t ru m  i s  shown i n  F ig u r e  1 -1 .
Region A c o n t a i n s  t h e  o n s e t  o f  a b s o r p t i o n  (1940$) c o n t a i n i n g  
s t r u c t u r e d  peaks  down t o  1770$ ( F r e q u e n c i e s  g i v e n  i n  Tab le  1 - 1 ) .
T h i s  a b s o r p t i o n  e x t e n d s  t o  137 5$ a s  a broad  con t inuum w i t h  a maximum
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a t  1620$.  The s p a c i n g s  o f  the banc's i n  t h e  r e g i o n  1940-1770$ a r e  
800,  750, 790,  820,  730,  and 750 cm I n t e g r a t i n g  o v e r  t h e  l i m i t s  
v = 50 ,000  cm t o  v = 72 ,730  cm  ̂ y i e l d s  an f - v a l u e  o f  0 . 3 4  i n  good 
ag reem ent  w i t h  o t h e r  v a l u e s  r e p o r t e d  f o r  th e  N -* V t r a n s i t i o n .
Region A a l s o  c o n t a i n s  t h e  s h a r p  Rydberg d o u b l e t s ,  t h e  
p o s i t i o n s  of  which  a r e  g iv e n  i n  T ab le  1 -3 .  They a g r e e  w e l l  w i t h  
t h o s e  o f  P r i c e  and T u t t e  and c o n t a i n  s i x  p r e v i o u s l y  u n r e p o r t e d  
members. The i n t e n s i t i e s  of  t h e s e  peaks  were found t o  v a r y  v e r y  l i t t l e  
a s  p r e s s u r e  was v a r i e d  from 0 .023  mm t o  0 . 4 6  mm. The ag reem en t  i s  not  
good when a b s o r p t i o n  c o e f f i c i e n t s  a r e  compared w i t h  p r e v i o u s  
p h o t o g r a p h i c a l l y  d e t e rm in e d  ones .  See Tab le  1 -5 .
Region B c o n t a i n s  a second con t inuum  ( f  ~ 0 . 3 0 )  w i t h  the  
r e m a in in g  members o f  the  Rydberg s e r i e s .  I t  i s  n o te d  t h a t  long  
w a v e le n g th  members o f  t h e  d o u b l e t s  in  th e  1744$ s y s t e m  a r e  more 
i n t e n s e  t h a n  s h o r t  w a v e le n g th  members,  w h e reas  t h o s e  a p p e a r i n g  
a t  1392$ have t h e i r  r e l a t i v e  i n t e n s i t i e s  r e v e r s e d .  The r e m a in in g  
s y s tem s  a t  1.289, 1247, and 1225$ a g a i n  r e s em b le  t h e  1744$ sys tem .
The s p a c in g  be tween d o u b l e t s  o f  470 cm  ̂ i s  m a i n t a i n e d  i n  a l l  f i v e  
s y s t e m s .
Region C c o n t a i n s  th e  i o n i z a t i o n  con t inuum .  The long  
w a v e le n g th  l i m i t  a p p e a r s  t o  be ~1180$ o r  1 0 .4 5  ev .
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(20) L.C.  J o n e s ,  J r . ,  and L.W. T a y l o r ,  " F a r  U l t r a v i o l e t  A b s o r p t i o n
S p e c t r a  of  U n s a t u r a t e d  and A rom at ic  H y d r o c a r b o n s . "
A n a l y t i c a l  C h e m is t ry ,  2J_, 228-237 (1 9 5 5 ) .
These  a u t h o r s  r e p o r t e d  i n t e n s i t i e s  u s i n g  a p h o t o e l e c t r i c  
d e t e c t o r  (T ab le  1 - 5 ) .  On com par i son  w i t h  t h e  work o f  Z e l i k o f f  and 
Watanabe ,  t h e y  f i n d  good ag reem en t  i n  o b s e rv ed  w a v e le n g th s  b u t  poor  
ag reem en t  i n  m o la r  a b s o r p t i v i t i e s ,  t h e i r  b e i n g  ab o u t  12% h i g h e r .
(21) P.G. W i lk in s o n  and R.S.  M u l l i k e n ,  "Far  U l t r a v i o l e t  S p e c t r a  o f
E th y le n e  and E t h y l e n e - d ^ . "
J .  Chem. P h y s . ,  23,  1895-1907 (1955) .
T h i s  r e i n v e s t i g a t i o n  o f  t h e  a b s o r p t i o n  o f  e t h y l e n e  and
e t h y l e n e - d ^  was done on a H a r r i s o n  2 1 - f o o t  vacuum s p e c t r o g r a p h  i n  the
r e g i o n  1500$ t o  2050$.  I t  r e p r e s e n t s  t h e  s t a n d a r d  r e f e r e n c e  ( a lo n g
w i t h  t h e  work o f  P r i c e  and T u t t e )  on e t h y l e n e ' s  a b s o r p t i o n .  G re a t
c a r e  w a s  t a k e n  i n  e s t a b l i s h i n g  t h a t  t h e  p u r i t y  w a s  h i g h  ( > 9 9 . 9 5 % )  s o
t h a t  any  o bse rved  peaks  were e t h y l e n i c .
F i g u r e  1 -2  shows t h e i r  s p e c t r u m  of t h e  d o u b l e t  Rydbergs
in  t h e  ran g e  1500 t o  1750$ and T a b l e s  1-1 and 1 - 2  i n c l u d e  t h e i r
o b s e r v e d  f r e q u e n c i e s .  T h e y  u s e d  t h e  n o t a t i o n  R v 2 >v^ w h e r e
V2 = number o f  q u a n t a  o f  t h e  s t r e t c h i n g  v i b r a t i o n ,  = number of
q u a n ta  of  t w i s t i n g  v i b r a t i o n s .  They o b s e rv e d  t h e  f o l l o w i n g :
1. Whereas t h e  i d e n t i f i c a t i o n  o f  th e  Ry„ bands  a s  a2 , o
p r o g r e s s i o n  o f  th e  C=C s t r e t c h i n g  v i b r a t i o n  seems c e r t a i n  from 
i s o t o p i c  e f f e c t s ,  t h e  i d e n t i f i c a t i o n  o f  t h e  d o u b l e t  s p a c in g  a s
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2v^ i s  n o t  a s  c e r t a i n .  I n  f a c t ,  t h e  r a t i o  of  the  d o u b l e t  s p a c in g  
(C2**4 t o  £ 2^ 4 ) much l a r 8 e r  t h a n  f o r  a p u re  harmonic  t o r s i o n a l  
o s c i l l a t o r .
Z . They r e p o r t e d  f o r  t h e  f i r s t  t im e  r ed  s h o u l d e r s  ( d ' s  i n
F i g u r e  1 -2 )  which  a r e  a s c r i b e d  a s  e x c i t a t i o n  t o  4v^.  I s o t o p i c  r a t i o s
t e n d  t o  n e g a t e  any a s s ig n m e n t  o t h e r  t h a n  t h i s  one.
3. A s m a l l  s p l i t t i n g  (2 4 -6 5  cm o c c u r s  i n  t h e  second 
member of  eac h  d o u b l e t  ( S ' s  i n  T ab le  1 -2)  and i s  p r o b a b l y  p a r t i a l  
r e s o l u t i o n  o f  P and R r o t a t i o n a l  b r a n c h e s .
4. The i n t e n s i t y  o f  Rqo <- N i s  s t r o n g e r  t h a n  R ^  <- N i n  
C2 b u t  th e  r e v e r s e  i s  t r u e  in  Such i s  a l s o  t h e  c a s e  f o r
R10 «- N and R ^  N, b u t  t h e  two members a r e  ab o u t  e q u a l l y  i n t e n s e
f o r  h i g h e r  s t a t e s  of  V2 *
The a t t e m p t  t o  f i t  obse rved  v a l u e s  o f  i n  t h e  Rydberg 
s t a t e s  t o  t h o s e  c a l c u l a t e d  f o r  a t o r s i o n a l  o s c i l l a t o r - r o t a t o r  u s in g
I
a p o t e n t i a l  f u n c t i o n  o f  th e  form V = —Vq (1 + cos29)  y i e l d s  o n ly  
rough  a g re e m e n t .  The anomalous  i s o t o p e  e f f e c t  and i n t e n s i t i e s  in  
t h e  R <- N t w i s t i n g  bands  a r e  s a i d  t o  be due t o  p e r t u r b a t i o n  of  the  
R s t a t e  l e v e l s  by V s t a t e  l e v e l s  a n d / o r  d e p a r t u r e  from t h e  s im ple  
c o s i n e  form.
The b road  d i f f u s e  bands  from 2069 t o  17 50$ ( F i g u r e  1 -3 )  a r e  
a g a i n  a s c r i b e d  t o  p a r t  o f  th e  V «- N p ea k in g  a t  1620$. Observed 
f r e q u e n c i e s  and s p a c i n g s  a r e  i n c l u d e d  i n  T ab le  1 -1 .  Spac ings  
o f  t h e  main p e a k s ,  a s c r i b e d  t o  V2 , were f i t t e d  t o  e m p i r i c a l  e q u a t i o n s
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w hich  l o c a t e  th e  0 , 0  band a t  ab o u t  2500$. The newly obse rved  f i n e  
s t r u c t u r e  i n  C2D^ i s  a t t r i b u t e d  t o  t o r s i o n a l  o s c i l l a t i o n  b e in g  
a l lo w ed  t o  a p p e a r  a s  s i n g l e  q u a n ta  s i n c e  th e  V s t a t e  i s  b e n t  and 
p r o b a b l y  s t a g g e r e d .
(22) V . J  Hammond and W.C. P r i c e ,  " O s c i l l a t o r  S t r e n g t h s  o f  the
Vacuum U l t r a - v i o l e t  A b s o r p t i o n  Bands of  Benzene and E t h y l e n e . "  
T r a n s .  F a r .  S o c . ,  J51, 605-610  (1955 ) .
T ab le  1 -5  p r e s e n t s  t h e i r  v a l u e s  o f  molar  e x t i n c t i o n  c o e f f i c i e n t s  
as  compared w i t h  l i t e r a t u r e  v a l u e s .  They c a l c u l a t e d  f  = 0 .2 9  f o r  
t h e  V «- N t r a n s i t i o n  and f  = 0 . 3 3  f o r  t h e  combined V «- N and R «- N 
t r a n s i t i o n s .
(23) P.G W i lk i n s o n ,  " A b s o r p t i o n  S p e c t r a  o f  E th y le n e  and E t h y l e n e - d ^
i n  t h e  Vacuum U l t r a v i o l e t .  I I . "
Can. J .  P h y s . ,  34, 643-652 (1956 ) .
H e re in  i s  p r e s e n t e d  a d e t a i l e d  s p e c t ru m  of  the  a b s o r p t i o n  from 
1300$ t o  1500$ p h o to g rap h e d  i n  th e  f i r s t  o r d e r  o f  a 2 1 - f o o t  vacuum 
s p e c t r o g r a p h  u s i n g  a k r y p t o n  con t inuum as  a s o u r c e .  Observed 
f r e q u e n c i e s  a r e  shown i n  T ab le  1 -5  and th e  d e n s i t o m e t e r  t r a c i n g s  
a r e  shown in  F i g u r e  1 -4 .  These  d a t a  r e p r e s e n t  s i x  Rydberg t r a n s i t i o n s  
b e l o n g i n g  t o  f o u r  Rydberg s e r i e s ,  a l l  c o n v e rg in g  to  th e  same i o n i z a t i o n  
l i m i t  ( 1 0 .4 5  e v ) .
The s e r i e s  were named nR «- N, nR y *- N, nR/; «- N and nRw <- N. 
W i lk in s o n  conc luded  t h a t  t h e  nR «- N t r a n s i t i o n  canno t  be of  symmetry 
B^u «- Ag (z  a l l o w e d ) s i n c e  i t  i s  p e r t u r b e d  v e r y  l i t t l e  by the
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u n d e r l y i n g  V *- N of  th e  same symmetry.  I t  i s  t h e r e f o r e  e i t h e r
B„ «- A (y  p o l a r i z e d )  or  B„ *- A (x  p o l a r i z e d )  s in c e  i t  seems 2u g w  3u g
s t r o n g  enough t o  c o n s i d e r  a s  a l l o w e d .  He concluded  t h a t  th e  
3RW «- N i s  B^u <- Ag s i n c e  i t  s h o u ld ,  b u t  does n o t ,  a p p e a r  in  the  
r e g i o n  1600 - 1700$. I t  must  mix s t r o n g l y  w i t h  V ( B ^ )  and become 
v e r y  d i f f u s e .
W i lk in s o n  a d m i t t e d  h i s  a s s ig n m e n t s  a r e  c o n t i n g e n t  on th e  
f o l l o w i n g  c o n d i t i o n s :
1. The f i r s t  t r a n s i t i o n  should  be the  s t r o n g e s t  in  each  
band sys tem.  T h i s  c o n d i t i o n  i s  t r u e  o n ly  f o r  th e  1740$ and 1500$ 
s y s t e m s .
2. S h o r t  w a v e le n g th  i s o t o p e  s h i f t  on d e u t e r a t i o n  s h ou ld  be 
c o n s t a n t  f o r  each  sys tem .  T h i s  i s  t r u e  f o r  a l l  e x c e p t  the  1370$ 
sys tem.
3. One s h o u ld  o b s e rv e  e x p e c te d  v i b r a t i o n a l  t r a n s i t i o n s .
T h i s  c o n d i t i o n  i s  met f o r  t h e  v v i b r a t i o n .  However, the  a s s ig n m e n t
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o f  2v^ f o r  the  d o u b l e t  s p l i t t i n g  s t i l l  s u f f e r s  anom ol ies  i n  i s o t o p i c  
r a t i o s  and i n t e n s i t i e s .  S ince  t h i s  can  be e x p l a i n e d  o n ly  by assuming  
a n  u n u s u a l  shape  f o r  th e  t r u e  p o t e n t i a l  b a r r i e r ,  he conc luded  t h a t  
t h e  s t a b l e  e q u i l i b r i u m  c o n f i g u r a t i o n  i n  th e  Rydberg s t a t e s  i s  no t  
o f  ^ symmetry b u t  i s  b e n t  or  s t a g g e r e d  in  some f a s h i o n .
(24) R.S.  M u l l i k e n ,  " C o n ju g a t io n  and H y p e r c o n ju g a t io n :  A Survey
w i t h  Emphas is  on I s o v a l e n t  H y p e r c o n j u g a t i o n . "
T e t r a h e d r o n ,  5_, 253-274 (1959 ) .
M u l l i k e n  no ted  t h a t  t h e  s p e c t r o s c o p i c  d a t a  on Rydberg s t a t e s  
i n  C^H^ and (w hich  a r e  e s s e n t i a l l y  s t a t e s  of  t h e  p o s i t i v e
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e t h y l e n e  io n  p l u s  an e l e c t r o n  i n  a l a r g e  d i f f u s e  o r b i t a l )  show 
f e a t u r e s  im p o s s i b l e  t o  r e c o n c i l e  w i t h  a p l a n a r  s t r u c t u r e .
I n d e e d ,  the  r e s u l t s  o f  h i s  co m p u ta t io n  r e p o r t e d  h e re  i n d i c a t e  t h a t  t h e  
io n  (and  th u s  t h e  Rydberg s t a t e )  i s  b e n t .  He no te d  t h a t  t h e  a l t e r n a t e  
i n t e r p r e t a t i o n  of  s p e c t r o s c o p i c  d a t a  i n v o l v i n g  a l o w - f r e q u e n c y  
o u t - o f - p l a n e  b e nd ing  i n  th e  upper  s t a t e  canno t  be exc luded  b u t  seems 
l e s s  l i k e l y .
(25) D.F.  Evans ,  "Magnetic  P e r t u r b a t i o n  of  S i n g l e t - T r i p l e t  T r a n s i t i o n s .
P a r t  IV. U n s a t u r a t e d  Compounds."
J .  Chem. S o c . ,  1960,  1735-1745.
Using the  t e c h n i q u e  o f  s i n g l e t - t r i p l e t  a b s o r p t i o n  enhancement  
by oxygen,  Evans r e p o r t e d  f o r  and a r e S u -̂a r  s e r i e s  o f  r a t h e r
b road  bands i n  the  r e g i o n  3500 - 2800$ h a v in g  an a v e r a g e  s e p a r a t i o n  of  
a b o u t  1000 cm  ̂ and t e n d i n g  t o  a maximum a t  a b o u t  2700$.  On th e  
b a s i s  o f  i s o t o p i c  r a t i o s  and s i m i l a r i t y  t o  t h e  s p a c i n g s  obse rved  by 
Reid (See T ab le  I  4) he c o n c lu d e s  th e  s p a c i n g s  on t h i s  T ♦- N t r a n s i t i o n  
a r e  due t o  C C s t r e t c h .
I n v e s t i g a t i o n  o f  pure e t h y l e n e  a t  50 a tm o s p h e r s  p r e s s u r e  
i n d i c a t e s  no e v id e n c e  f o r  any t r a n s i t i o n  o t h e r  t h a n  V «- N i n  th e  
r e g i o n  2200  t o  2000$.
(26)  R.S.  M u l l i k e n ,  "Lowest T r i p l e t  S t a t e s  of  E t h y l e n e . "
J .  Chem. P h y s . ,  3J3, 1596-1597 (1960) .
In  t h i s  r e f e r e n c e  M u l l i k e n  a g re e d  w i t h  Evans and Reid t h a t  the  
bands  w i t h  maximum i n t e n s i t y  a t  4 . 6  ev (2700$) a r e  indeed  th e  T N
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t r a n s i t i o n  i n  ag reem ent  w i t h  SCF LCAO-MO c a l c u l a t i o n s .  He a l s o
p r e d i c t e d  a s m a l l  e n e rg y  s e p a r a t i o n  be tween  the  R and T s t a t e s .R
He says  t h a t  th e  Rydberg s t a t e  i s  p r o b a b l y  o f   ( tk  + t k ) ( 3 s ) ,
s ymmetry-
(27)  A. Kuppermann and L.M. R a f f ,  " D e te r m i n a t i o n  o f  E l e c t r o n i c  
Energy  L e v e l s  of  M o lecu le s  by Low-Energy E l e c t r o n  Impac t  
S p e c t r o s c o p y . "
J .  Chem. P h y s . ,  37_, 2497-2498 (1962 ) .
(27a)  A. Kuppermann and L.M. R a f f ,  " E l e c t r o n  Impact  S p e c t r o s c o p y . "
D i s c .  F a r .  S o c . ,  3j3, 30-42 (1963) .
(27b) A. Kuppermann and L.M. R a f f ,  " D i f f e r e n c e  Between Low-Energy
E l e c t r o n  Impac t  S p e c t r a  a t  0° and a t  Large S c a t t e r i n g  A n g l e . "
J .  Chem. P h y s . ,  39, 1607-1608 (1 9 6 3 ) .
These  p a p e r s  d e s c r i b e  a new s p e c t r o s c o p i c  t e c h n i q u e ,  e l e c t r o n  
im pac t  s p e c t r o s c o p y ,  in  which s e l e c t i o n  r u l e s  f o r  t r a n s i t i o n s  a r e  
g r e a t l y  r e l a x e d  and o p t i c a l l y  f o r b i d d e n  e l e c t r o n i c  t r a n s i t i o n s  can 
u s u a l l y  be d e t e c t e d  a s  c l e a r l y  a s  o p t i c a l l y  a l low ed  ones i n  a f a i r l y  
r o u t i n e  manner.  These a u t h o r s  obse rved  peaks  t h a t  a g r e e  w e l l  w i t h  
o p t i c a l  r e s u l t s .  However,  t h e y  r e p o r t e d  a n  a d d i t i o n a l  r e s o n a n c e  
peak a t  6 . 5  ev (~2080$) which th e y  i n i t i a l l y  assumed to  be T <- N 
a s  M u l l i k e n  had p r e d i c t e d .  However,  t h e y  found t h a t  t h e  e n e rg y  
dependence  o f  t h e  e x c i t a t i o n  c r o s s  s e c t i o n  i n d i c a t e s  t h a t  t h e  
t r a n s i t i o n  i s  n o t  a t r i p l e t  b u t  i s  s p i n  a l l o w e d .
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(28)  R.S.  B e r r y ,  "Analog o f  n -> rr* T r a n s i t i o n s  in  M o n o - O l e f in s . "
J .  Chem. P h y s . ,  38,  1934-1938  (1963 ) .
The work o f  Kuppermann and R a f f  a g a i n  i n d i c a t e d  t h a t  a
s e p a r a t e  t r a n s i t i o n  a t  a b o u t  2080$, o r  6 . 5  e v ,  e x i s t s  f o r  e t h y l e n e .
Snow and A l l s o p p  had once a s s i g n e d  i t  as  T «- N and M u l l i k e n  now
c a l l e d  i t  T <- N. T h i s  prompted B e r ry  t o  a new, r a t h e r  i n g e n io u s  R
a s s i g n m e n t .  Reason ing  by a n a l o g y  w i t h  fo rm aldehyde  w hich  has a
l o w - l y i n g  n -* rr*, he a s s i g n e d  th e  6 . 5  ev band as  a  -* TT*, t h e  a
b e i n g  th e  h i g h e s t  f i l l e d  CH bond ing  o r b i t a l .  I t  i s  bonding  between
c a rb o n s  and a d j a c e n t  h y d r o g e n s ,  a n t i b o n d i n g  be tw een  o l e f i n i c  c a r b o n s ,
and a n t i b o n d i n g  be tween  g e r m i n a t e  h y d rogens .  His i d e a s  were prompted
a l s o  by th e  f a c t  t h a t  m o n o - o l e f i n s  e x h i b i t  two c l o s e l y  spaced  f i l l e d
o r b i t a l s  from i o n i z a t i o n  t h r e s h o l d  d a t a .  He f u r t h e r  d e s c r i b e d  t h i s
a  o r b i t a l  as  b e i n g  t/ ,  i . e . ,  a n t i b o n d i n g  be tw een  t h e  two i n - p l a n e
Py o r b i t a l s  making i t  b^ i n  D2h symmetry.  His c o o r d i n a t e  frame has
t h e  x - a x i s  d i r e c t e d  a l o n g  th e  d o u b le  bond,  t h e  z - a x i s  o u t  o f  the
2
m o l e c u l a r  p l a n e .  The e l e c t r o n i c  t r a n s i t i o n  i s  t h u s  (bj_g) ^ l g ^ ^ 2 g ^
o r  A -* B_ which  i s  symmetry f o r b i d d e n .  ( I n  M u l l i k e n ' s  c o o r d i n a t e  
8 J 8
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f rame i t  would be (b ) -* (b„  ) ( b „  ) o r  A -* B, ) . He s p e c u l a t e d
•jg ^8 ^8 8 8
t h a t  i t  becomes v i b r o n i c a l l y  a l lo w e d  f o r  th e  t w i s t i n g  mode
(1027 cm"1) and t h e  b 2 and b^u hydrogen  o u t - o f - p l a n e  bend ing  modes 
(943 and 9 4 9 .2  cm ^ ) . A l lo w e d n e s s  now becomes d e p e n d e n t  on the  
p o p u l a t i o n  of  t h e  f i r s t ,  e x c i t e d  v i b r a t i o n a l  s t a t e ,  e x p l a i n i n g  why 
Snow and A l l s o p p  r e p o r t  t h e  t r a n s i t i o n  a t  room t e m p e r a t u r e  w hereas  
Reid a t  low t e m p e r a t u r e s  d id  n o t .
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(29)  J .A .  Simpson and S.R.  M i e l c z a r e k ,  " D e t e r m i n a t i o n s  o f  E l e c t r o n i c  
Energy  L e v e l s  of  M o lecu le s  by Low-Energy E l e c t r o n - I m p a c t  
S p e c t r o s c o p y . "
J .  Chem. P h y s . ,  39,  1606-1607 (1963) .
(29a )  M .I .  A l - J o b o u r y  and D.W. T u r n e r ,  "M o lecu la r  P h o t o e l e c t r o n
S p e c t ro s c o p y .  P a r t  I I .  A Summary o f  I o n i z a t i o n  P o t e n t i a l s . "  
J .  Chem. S o c . ,  1964, 4434-4441.
(29b)  E.N. L a s s e t t r e  and S.A. F r a n c i s ,  " I n e l a s t i c  S c a t t e r i n g  o f  
390-V E l e c t r o n s  by Helium, Hydrogen,  Methane,  E th a n e ,  
C yc lohexane ,  E th y le n e  and W a t e r . "
J .  Chem. P h y s . ,  40 ,  1208-1217 (1964) .
(29c )  C.R.  Bowman and W.D. M i l l e r ,  " E x c i t a t i o n  of  Methane,  E th a n e ,  
E t h y l e n e ,  P r o p y l e n e ,  A c e t y l e n e ,  P ropyne ,  and 1-Butyne by 
Low-energy E l e c t r o n  Beams."
J .  Chem. P h y s . ,  42 ,  681-686 (1965) .
(29d)  J .  G e ig e r  und K. W i t tm aack ,  "H ochauf losende  E l e k t r o n e n s t r a s s e -  
p e k t r o m e t r i e  des  E l e k t r o n e n -  und Schwingungsspektrums von 
A t h y l e n e . "
Z. N a t u r f o r s c h ,  20A, 628-629 (1965) .
These a u t h o r s  a l l  r e p o r t e d  th e  absence  of  any peak a t  6 . 5  ev 
d e s p i t e  improvement i n  t h e  t e c h n i q u e s  of  e l e c t r o n  impact  s p e c t r o s c o p y .  
I n  F i g u r e  1-1 i s  r e p ro d u c e d  th e  e l e c t r o n  impac t  s p e c t ru m  o f  e t h y l e n e  
u n d e r  h i g h  r e s o l u t i o n  r e p o r t e d  by G e ig e r  and Wittmaack  compared
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w i t h  t h e  o p t i c a l  a b s o r p t i o n  s p e c t ru m  o f  Z e l i k o f f  and Watanabe.
(30)  L. B u r n e l l e ,  "Geometry o f  the  Low - ly ing  E x c i t e d  S t a t e s  of
E t h y le n e  and B u t a d i e n e . "
J .  Chem. P h y s . ,  43 ,  S29 (1965) .
On th e  b a s i s  o f  t h e  s t e r e o s p e c i f i c i t y  c h a r a c t e r i s t i c  of  the  
e l e c t r o p h i l i c  a d d i t i o n s  t o  d o u b le  bonds ,  and on th e  b a s i s  o f  MO 
c a l c u l a t i o n s ,  t h e  a u t h o r  conc luded  t h a t  t h e  T s t a t e  o f  e t h y l e n e  i s  
b e n t  and a l s o  has  a " f l a p p e d "  c o n f i g u r a t i o n  o f  t h e  C ^  g roups  as  
Walsh  had p r e v i o u s l y  p r e d i c t e d .  The computed s t a b i l i z a t i o n  due to  
f l a p p i n g  i s  c o n s i d e r a b l e ,  the  minimum of  t h e  e n e rg y  s u r f a c e  l y i n g  
a b o u t  1 ev above t h a t  o f  t h e  ground s t a t e .  However,  f o r  the  V 
s t a t e ,  f l a p p i n g  was found t o  cause  an i n c r e a s e  in  en e rg y .
(31)  K . J .  Ross and E.N. L a s s e t t r e ,  " I n t e n s i t y  D i s t r i b u t i o n  i n  t h e
En e rg y -L o ss  Spect rum of  E t h y l e n e . "
J .  Chem. P h y s . ,  44 ,  4633-4635  (1 9 6 6 ) .
The h ig h  r e s o l u t i o n  e l e c t r o n - i m p a c t  s p e c t ru m  of e t h y l e n e
o b t a i n e d  a t  200-V e l e c t r o n  k i n e t i c  e n e r g i e s  was r e p o r t e d  and compared
t o  t h e  work o f  G e ig e r  and Wi t tm aack  a t  33-KV e l e c t r o n  k i n e t i c  e n e r g i e s .
E x c e l l e n t  ag reem en t  r e s u l t e d  e x c e p t  f o r  th e  a p p e a ra n c e  a t  7 .4 5  V of
an a p p a r e n t l y  f o r b i d d e n  q u a d ru p o le  t r a n s i t i o n .  A s l i g h t  i n c r e a s e  in
i n t e n s i t y  had been  no ted  i n  t h e  e l e c t r o n - i m p a c t  s p e c t ru m  o f  Simpson
and M i e l c z a r e k  i n  th e  r e g i o n  o f  7 .4 5  V. R e c a l l i n g  th e  a s s ig n m e n ts
2
made by C r a i g ,  t h i s  t r a n s i t i o n  was a s s i g n e d  as  t h e  A^^ -+ »
A^ t w o - e l e c t r o n  q u a d ru p o le  t r a n s i t i o n .
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(32)  R.R. H a r t  and M.B. Robin ,  "Expanded G a u s s i a n  O r b i t a l s  and th e  
E l e c t r o n i c  S t a t e s  o f  E t h y l e n e . "
T h e o r e t .  chim. Acta  ( B e r l i n ) ,  3.  375-377 (1 9 6 5 ) .
These a u t h o r s  d e s c r i b e d  th e  use o f  G a u s s i a n - t y p e  b a s i s  o r b i t a l s .  
(GTO's)  f o r  SCF t r e a t m e n t s  o f  e l e c t r o n i c  and m o l e c u l a r  s t r u c t u r e .
Using  e t h y l e n e  a s  a t e s t  c a s e ,  t h e y  p r e d i c t e d ,  f o r  b a s e s  r a n g i n g  
from 16 t o  36 GTO's,  th e  tt -* n* t r i p l e t  and s i n g l e t  e x c i t a t i o n s  t o  
rem a in  i n  the  i n t e r v a l s  3 .7 8  ± 0 .3 2  ev and 1 0 .2 8  ±  0 . 7 0  e v ,  compared 
t o  th e  obse rved  e n e r g i e s  o f  4 . 8  and 7 . 6  ev .  A l a r g e  c o n f i g u r a t i o n  
i n t e r a c t i o n  c a l c u l a t i o n  i n v o l v i n g  s e v e r a l  hundred  e x c i t e d  c o n f i g u r a t i o n s  
a f f e c t e d  t h e  p r e d i c t e d  e n e r g i e s  o n ly  s l i g h t l y .  I t  t h u s  a p p e a r s  t h a t  
a s m a l l  GTO b a s i s  y i e l d s  s p e c t r a l  p r e d i c t i o n s  v e r y  s i m i l a r  t o  t h o s e  
o f  more e x ten d ed  c a l c u l a t i o n s .
However, t h e y  found t h a t  one shou ld  use  GTO b a s i s  f u n c t i o n s  
more expanded i n  space  in  o r d e r  t o  improve s p e c t r a l  p r e d i c t i o n s .
They s e l e c t e d  f o r  o r b i t a l  ex p o n e n t s  t h e  f o l l o w i n g :  C s - t y p e  - 9 . 0 0 ,
0 . 3 2 ,  0 . 3 5 ;  C p - t y p e  - 0 . 8 0 ,  0 . 0 8 ;  H s - t y p e  - 0 . 1 7 .  The c o m p u ta t i o n s  
th e n  y i e l d e d  4 .67  ev and 7 .9 6  ev f o r  t h e  t t  - *  tt*  t r i p l e t  and s i n g l e t  
e x c i t a t i o n  e n e r g i e s ,  a much improved ag reem en t  w i t h  e x p e r i m e n t .  I n  
a d d i t i o n ,  the  CH -* CH* and tt -+ CH* e x c i t a t i o n s  d ropped  from 16 ev.  
and 12 ev t o  10 ev and 7 ev ,  t h e  CH -* Tt* t r a n s i t i o n  o f  B e r r y  r e m a in in g  
r a t h e r  s t a t i o n a r y  a t  a bou t  8 ev .  They th u s  conc luded  t h a t  t h e s e  
t h r e e  t r a n s i t i o n s  a r e  a l l  c a n d i d a t e s  f o r  a s s ig n m e n t  i n  t h e  vacuum 
u l t r a v i o l e t  spec t rum .
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(33) M.B. Robin ,  R.R. H a r t ,  and N.A. K u e b le r ,  "Ass ignm ent o f  the
U l t r a v i o l e t  M y s te ry  Band o f  O l e f i n s . "
J .  Chem. P h y s . ,  44,  1803-1811 (1965) .
Here i s  f i r s t  c o ined  th e  name " m y s te ry  band"  f o r  the  
t r a n s i t i o n  which d e f i n i t e l y  o c c u r s  i n  a l k y l - s u b s t i t u e d  o l e f i n s  
i n  th e  range  5-6 ev and might  e x i s t  i n  e t h y l e n e  a t  6 .5  ev.  On th e  
b a s i s  of  t h e i r  GTO c a l c u l a t i o n  u s i n g  b a s i s  f u n c t i o n s  more expanded 
i n  s p a c e ,  t h e s e  w orke r s  a s s i g n e d  th e  lo w e s t  t r a n s i t i o n  as  an 
a l low ed  rr -♦ CH*, b e i n g  a bou t  0 . 5  ev below th e  N -* V w hereas  the  
CH -♦ ti*  i s  ab o u t  1 ev above the  N -* V. The CH* o r b i t a l  i s  
a n t i b o n d i n g  between a l l  t h e  c a rb o n s  and hyd rogens  b u t  s t r o n g l y
s p a  bond ing  be tween  t h e  two ca rb o n  a toms.  I t  i s  o f  a symmetry
i n  t h e i r  and M u l l i k e n ' s  c o o r d i n a t e  f r a m e s .  (They have the  z - a x i s  
a lo n g  th e  doub le  bond,  th e  y - a x i s  p e r p e n d i c u l a r  t o  th e  m o le c u la r  
p l a n e ) .
T h e i r  augmented G a u s s i a n  c a l c u l a t i o n  p r e d i c t s  a t r a n s i t i o n  
moment of  0 .29e$  i n  e t h y l e n e .  They compare t h i s  w i t h  t h e  measured 
moment 0 . 1- 0 . 25e2 i n  s u b s t i t u t e d  e t h y l e n e .  They p o i n t e d  ou t  t h a t  
t h i s  i s  no t  much l a r g e r  t h a n  t h e  moment e x p e c te d  f o r  th e  f o r b i d d e n  
CH -» tT *  o f  B e r ry  on s t e a l i n g  i n t e n s i t y  by a v i b r o n i c  mechanism 
(~0 . 1e £ ) .
They no te d  t h a t  f o r  t t  -* ns Rydberg  t r a n s i t i o n s ,  th e
t e r m i n a t i n g  o r b i t a l s  have th e  same symmetry,  a , a s  th e  rr -* CH*
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1 1( A -* • Thus t h e  upper  o r b i t a l  may c o n t a i n  b o t h  v a l e n c e - s h e l l
and Rydberg o r b i t a l s  i n  any r a t i o ,  t h e  d i s t i n c t i o n  between Rydberg
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and v a l e n c e - s h e l l  b e i n g  m e a n in g fu l  o n ly  i f  th e  r a t i o  i s  ex t re m e .
They t h u s  r e p e a t e d  the  augmented GTO c a l c u l a t i o n  w i t h  th e  a d d i t i o n  
o f  f o u r  s - t y p e  o r b i t a l s  c e n t e r e d  a t  th e  m o l e c u l a r  m i d p o in t  and 
h a v i n g  th e  e x p o n e n t s  0 .0 0 2 0 8 ,  0 .0 0 0 5 2 ,  0 .0 0 0 1 3 ,  and 0 .0000325 .
They found t h e  CH* o r b i t a l  t o  be made up o f  r o u g h l y  h a l f  v a l e n c e - s h e l l  
C-C a  bond ing  and C-H a  a n t i b o n d i n g  and h a l f  Rydberg o r b i t a l s  of  
e x p o n e n t s  0 .00208  and 0 .00052 .  However, the  d i s t i n c t i o n  be tween 
t h e s e  o r b i t a l  ty p e s  i s  b l u r r e d  by the  f a c t  t h a t  t h e r e  i s  c o n s i d e r a b l e  
o v e r l a p  be tween  the  components of  the  v a l e n c e -  s h e l l  CH* MO and th e  
l o w e s t  s - t y p e  Rydberg G a u s s i a n .
The a u t h o r s  d i s c u s s  t h e  f a c t  t h a t  t h e  i d e a  o f  a~TT s e p a r a b i l i t y ,  
t h e  b a s i s  o f  T T - e l e c t r o n  t h e o r i e s ,  s e e m s  a l e s s  s u b s t a n t i a l  
a p p r o x i m a t i o n  i n  l i g h t  o f  t h e s e  r e s u l t s .
(34)  H. B e r t h o d ,  "Comment on th e  U l t r a v i o l e t  M y s te ry  Band o f
O l e f i n s . "
J .  Chem. P h y s . ,  45 ,  1859-1860 (1966 ) .
H e r e i n  i s  r e p o r t e d  t h e  r e s u l t s  o f  an SCF c a l c u l a t i o n  on 
e t h y l e n e  w i t h  S l a t e r  o r b i t a l s .  The o r b i t a l  o r d e r i n g  above th e  
g round  s t a t e  c o n f i g u r a t i o n  was found t o  be two CH* o r b i t a l s  a s  
th e  lo w e s t  empty o r b i t a l s ,  f o l lo w ed  by th e  n*. The f i r s t  t r a n s i t i o n  
o b t a i n e d  i s  tt CH* symmetry f o r b i d d e n ,  th e  second i s  tt -* CH*
(^Ag -* ^A^) symmetry a l low ed  a t  6 . 3  ev .  The CH -* ti* t r a n s i t i o n  
o f  B e r ry  i s  w e l l  above the  tt -* TT*. The d i f f e r e n c e  i n  symmetry 
o f  t h i s  tt -♦ CH* band and t h a t  o f  Robin ,  H a r t  and K u e b le r  i s  s a i d
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due t o  a d i f f e r e n t  d i s t r i b u t i o n  o f  t h e  empty o r b i t a l s .
(35) A. Lubezky and R. Kopelman,  " E l e c t r o n i c  Spect rum of  E t h y le n e
S i n g l e  C r y s t a l ;  S e a rc h  f o r  t h e  O l e f i n  M ys te ry  Band."
J .  Chem. P h y s . ,  45 ,  2526-2528 (1966) .
These r e s e a r c h e r s  grew e t h y l e n e  s i n g l e  c r y s t a l s  and observed  
t h e i r  s p e c t r a  i n  t h e  ran g e  2000 t o  2500$ t o  c o n s i s t  o f  a number of  
bands  q u i t e  a n a l a g o u s  t o  the  N -* V t r a n s i t i o n  i n  the  v a p o r  phase .
The re  ap p e a re d  no a d d i t i o n a l  t r a n s i t i o n s  such  as  ti -* CH* o r  CH -* n* 
d e s p i t e  r e l a x e d  s e l e c t i o n  r u l e s  i n  t h e  c r y s t a l l i n e  s t a t e .  They 
co n c lu d ed  t h a t  i f  t h e  m y s t e r y  band e x i s t s  a t  a l l  i n  e t h y l e n e  i t s  
e x c i t e d  s t a t e  i s  l i k e l y  to  e i t h e r  a t r i p l e t  s t a t e  o r  a Rydberg s t a t e  
o r  a c o m b in a t io n  o f  b o th .  They r e p o r t e d  two peaks  on th e  N -» V 
a t  2079 and 2044$ w hich  c o r r e l a t e  w e l l  w i t h  2069 and 2035$ peaks  
p r e v i o u s l y  r e p o r t e d  i n  the  v a p o r ,  s h i f t e d  i n  th e  s o l i d  by abou t  
250 cm"1 .
(36) J . P .  D o e r in g ,  "Low-Energy,  Large Angle E l e c t r o n - I m p a c t
Spec t rum  of  E t h y l e n e . "
J .  Chem. P h y s . ,  46 ,  1194-1196 (1966 ) .
On m e a su r in g  th e  h i g h - r e s o l t u i o n  e l e c t r o n - i m p a c t  s pec t rum  
o f  e t h y l e n e  a t  low p r im a r y  e n e r g i e s  (35 ,  50 and 70 e v ) , e x c e l l e n t  
a g ree m en t  was found w i t h  th e  o p t i c a l  s pec t rum .  The most i n t e n s e  
pe a k  a t  a b o u t  8 ev c o r r e s p o n d s  t o  th e  combined N -* V and N -* R; 
a p eak  a t  4 . 6  ev t o  t h e  N -+ T. There  was no obse rved  m ys te ry  
t r a n s i t i o n  a t  6 . 5  ev.
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(37)  R. McDiarmid and E. Charney ,  " F a r - U l t r a v i o l e t  Spec t rum of
E t h y le n e  and E t h y l e n e - d ^ . "
J .  Chem. P h y s . ,  47,  1517-1524 (1967) .
The f r e q u e n c i e s  g iv e n  in  Tab le  1-1 and 1 -2  were r e p o r t e d  
f o r  the  V *- N t r a n s i t i o n  o f  and By v a r y i n g  the  t e m p e r a t u r e
f rom -78°C t o  100°C, t h e y  d e t e rm in e d  t h a t  one p r o g r e s s i o n  i s  a h o t  
one (d e n o te d  by H i n  the  t a b l e s )  h a v in g  a bou t  th e  same s p a c i n g s  as  
t h e  p r im a ry  p r o g r e s s i o n .  The s t r o n g e s t  obse rved  bands  were found 
t o  f i t  t h e  e m p i r i c a l  e x p r e s s i o n s :  *-'2^4’ v = ^ 6 9 7  + 807v;
^ 2 ^ 4 ’ V ~ ^ 9 4 8  + 547v. On th e  b a s i s  o f  the  ground s t a t e  b e i n g  
p l a n a r  and th e  V s t a t e  b e n t ,  t h e y  assumed t h a t  th e  t o r s i o n a l  mode 
i s  th e  most l i k e l y  a s s ig n m e n t  f o r  t h e  obse rved  s p a c i n g s .  I n  
f a c t ,  i n  D^  symmetry, the  h i g h e s t  subgroup c o n t a i n e d  i n  B ^  and 
^ 2 d ’ V4 an a l  moc ê anc* can a PPe a r  as  s i n g l e  q u a n t a .  The i s o t o p i c
r a t i o  0 . 6 8  compares w e l l  w i t h  0 .707  of  t h e  ground s t a t e .  T h e r e f o r e ,
-1  -1 t h e  obse rved  f r e q u e n c i e s  (807 cm f o r  ^47 cm f o r  C ^ B ^ )
a r e  conc luded  t o  be t o r s i o n a l  f r e q u e n c i e s .  A f r e q u e n c y  of  150 cm ^
i n  was o bse rved  b u t  not  i n t e r p r e t e d .  An a n a l y s i s  o f  the
t o r s i o n a l  p r o g r e s s i o n  shows th e  t o r s i o n a l  p o t e n t i a l  o f  the  V s t a t e
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t o  be p a r a b o l i c ,  i . e . ,  V = Vo 0 .
(38 )  T.H. Dunning and V. McCoy, "N onem pir i ca l  C a l c u l a t i o n s  on
E x c i t e d  S t a t e s :  The E th y le n e  M o l e c u l e . "
J .  Chem. P h y s . ,  47,  1735-1747 (1967) .
On t h e  b a s i s  o f  n o n e m p i r i c a l  c a l c u l a t i o n s  th e y  conc luded
t h a t  f o r  the  lo w e s t  e x c i t e d  s i n g l e t  s t a t e  of  e t h y l e n e  (^B^u *'ri t 'i e ^r
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c o o r d i n a t e  frame which has  t h e  x - a x i s  a lo n g  th e  doub le  bond and the  
z - a x i s  o u t  o f  p l a n e ,  ^B^u i n  M u l l i k e n ' s  sys tem)  th e  c o u p l i n g  between 
t h e  t t  e l e c t r o n  and a  e l e c t r o n s  i s  s i g n i f i c a n t .  The e x c i t a t i o n  
e n e r g y  d e c r e a s e s  from 11 .98  ev t o  10 .17 ev and th e  o s c i l l a t o r  
s t r e n g t h  from 1 .03  t o  0 .7 3 .  T h i s  c o u p l i n g  has  l i t t l e  e f f e c t  on the  
t r i p l e t .
They r e p o r t e d  two e x c i t e d  s t a t e s ,  ^ 2  a t  10.47 ev and
a t  10 .46  ev ,  i n  t h e  same r e g i o n  of  th e  sp ec t ru m  a s  th e
1 1I n  M u l l i k e n ' s  c o o r d i n a t e  f ram e ,  t h e s e  c o r r e s p o n d  t o  B„ and B,
’ * 2g l g
s t a t e s .
(39) J . P .  D o e r in g  and A .J .  W i l l i a m s  I I I ,  "Low-Energy,  Large  Angle
E l e c t r o n  Impact  S p e c t r a :  Helium, N i t r o g e n ,  E t h y l e n e ,  and
Benzene . "
J .  Chem. P h y s . ,  47,  4180-4185  (1967) .
The 6 . 5  ev e t h y l e n e  m y s te ry  band was n o t  o b s e rv ed  a t  
e n e r g i e s  a s  low a s  10 .9  ev .  P r e s e n c e  of  t h e  N -* T a t  4 . 4  ev was 
c o n f i r m e d .
(40) U. K a ldo r  and I .  S h a v i t t ,  "LCAO-SCF Com puta t ions  f o r  E t h y l e n e . "
J .  Chem. P h y s . ,  48,  191-203 (1968) .
T h i s  a r t i c l e  p r e s e n t s  an e x c e l l e n t  r ev ie w  on th e  s u b j e c t  
o f  e l e c t r o n i c  t r a n s i t i o n s  i n  e t h y l e n e .  A r a t h e r  com prehens ive  
s u r v e y  of  a l l  t h e  p e r t i n e n t  c o m p u t a t i o n a l  p a p e r s  on e t h y l e n e  i s  
i n c l u d e d  as  w e l l  as  a r ev ie w  of  th e  e x p e r i m e n t a l  h i s t o r y .
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They c a r r i e d  o u t  LCAO-SCF c a l c u l a t i o n s  w i t h  a min imal 
S l a t e r  b a s i s  f o r  t h e  e t h y l e n e  m o lecu le  and i t s  p o s i t i v e  and n e g a t i v e  
i o n s .  They found t h a t  th e  e r r o r s  i n t r o d u c e d  by n e g l e c t i n g  cj- tt 
exchange  a r e  ro u g h ly  p r o p o r t i o n a l  to  th e  number o f  tt e l e c t r o n s  
i n  e a c h  s t a t e  and a r e  s i g n i f i c a n t  f o r  th e  d e t e r m i n a t i o n  of  
e n e r g y  d i f f e r e n c e s  i n v o l v i n g  changes  i n  th e  number of  t h e s e  e l e c t r o n s .  
T h e i r  r e s u l t s  caused  them t o  f a v o r  t h e  o p i n i o n  t h a t  th e  m ys te ry  
band o f  s u b s t i t u t e d  e t h y l e n e s  c o r r e s p o n d s  t o  th e  s h a rp  Rydberg a t  
7 .1 1  ev i n  e t h y l e n e ,  w i t h  t h i s  l e v e l  h av in g  some v a l e n c e - s h e l l  
tt -* CH* c h a r a c t e r .  Th i s  seems a more l o g i c a l  a s s ig n m e n t  t h a n  
c o r r e s p o n d i n g  them t o  an unproven  6 . 4  ev band .
I t  was found t h a t  i o n i c  l e v e l s  a r e  d e g e n e r a t e  i n  a 
p e r p e n d i c u l a r  c o n f i g u r a t i o n  and show a J a h n - T e l l e r  s p l i t t i n g .
They e x p e c t  s i m i l a r  b e h a v i o r  f o r  t h e  Rydberg tt -* ns s t a t e s .
(41)  A . - J .  Merer  and L. Sc.hoonveld,  " N o n p l a n a r i t y  o f  t h e  F i r s t
Rydberg S t a t e  of  E t h y l e n e . "
J .  Chem. P h y s . ,  48,  522-523 (1968 ) .
They i n v e s t i g a t e d  t h e  1744$ t r a n s i t i o n  i n  a b s o r p t i o n  a t  
h i g h  t e m p e r a t u r e s  up t o  450°C. S p e c t r a  were p h o to g rap h e d  i n  the  
f i r s t  o r d e r  of  a 2 1 - f o o t  concave g r a t i n g  s p e c t r o g r a p h .  New bands 
w h ich  a p p e a r  a t  h ig h  t e m p e r a t u r e  a r e  th e  ( 1 - 1) bands  o f  C2H^ 
and and the  (3 -1 )  band of  C^ D^. These new bands  p l u s  th o s e
o b s e rv e d  a t  room t e m p e r a t u r e  and th e  g r o u n d - s t a t e  t o r s i o n a l  
f r e q u e n c i e s  (assumed t o  be 1023 and 726 cm ^) g iv e  t h e  e n e r g i e s
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of  u p p e r - s t a t e  t o r s i o n a l  l e v e l s  up t o  v /  = 4 f o r  C„H. and C„D,,4 2 4 2 4 ’
w i t h  th e  e x c e p t i o n  o f  = 3 f o r  i-r r e 8u l a r i t y  o f  t h e s e
t o r s i o n a l  l e v e l s  prompted  them to  s u g g e s t  t h e  invo lvem en t  o f  a 
double-minimum p o t e n t i a l  f u n c t i o n .  They f i t t e d  the  d a t a  t o  a 
p o t e n t i a l  f u n c t i o n  o f  th e  form V = -|v o( 1 - cos2y) + -|v ^ ( 1 - cos4y) + • • • •  
They c o n c lu d e  t h a t  t h e  Rydberg s t a t e  i s  n o n p l a n a r ,  t w i s t e d  a t  
~ 2 6 ° ,  t h e  b a r r i e r  t o  i n v e r s i o n  th ro u g h  the  p l a n a r  form b e i n g  low, 
and t h a t  t h e  m o le c u le  becomes e f f e c t i v e l y  p l a n a r  on e x c i t a t i o n  of  
one or  two q u a n ta  o f  t h e  t o r s i o n a l  v i b r a t i o n .
(42)  M.B. Robin ,  H. Basch ,  N.A. K u e b l e r ,  B.E.  K aplan ,  and
J .  Meinwald ,  "A ss ignm ents  in  t h e  U l t r a v i o l e t  S p e c t r a  of  
O l e f i n s . "
J .  Chem. P h y s . ,  48 ,  5037-5047 (1968 ) .
P r e v i o u s  c a l c u l a t i o n s  i n v o l v i n g  G au ss ian  b a s i s  s e t s  have l e d  
t o  t h e  r r  - *  T t * ,  which  i s  known t o  be v a l e n c e - s h e l l ,  b e in g  co n ta m in a te d  
w i t h  b i g - o r b i t a l  Rydberg  c h a r a c t e r .  In  t h i s  p a p e r  t h e y  used an 
i n d i r e c t  SCF a p p r o x i m a t i o n  w h ich  c i r c u m v e n t s  t h i s  d i f f i c u l t y  and 
shows c l e a r l y  w hich  s t a t e s  a r e  v a l e n c e - s h e l l  and which a r e  Rydberg.  
T h e i r  G a u s s i a n  b a s i s  when t r a n s l a t e d  i n t o  S l a t e r  o r b i t a l s  i s  
e q u i v a l e n t  t o  a b e s t - a t o m  d o u b le  z e t a  (BADZ) b a s i s .
They f i n d  t h e  t t  -* tt *  and th e  two lo w e s t  a  -* T T *  t r a n s i t i o n s  
t o  be v a l e n c e - s h e l l  w h ereas  t h e  fo u r  lo w es t  t t  - *  a* e x c i t a t i o n s  and 
t h e  l o w e s t  a  CT* a r e  o f  p r i n c i p a l  quantum number 3. T ab le  1-7
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g i v e s  t h e i r  r e p o r t e d  v a l u e s  w i t h  and w i t h o u t  i n c l u s i o n  o f  s i n g l e - z e t a  
3s and 3p o r b i t a l s .  They conc luded  t h a t  th e  lo w es t  t r a n s i t i o n s  in  
e t h y l e n e  and s im p le  o l e f i n s  shou ld  be Rydberg rr -* a* i n  n a t u r e ,  the  
a  -* tt' s b e i n g  v a l e n c e - s h e l l  and l y i n g  above th e  tt -* TT*.
(43)  J . F .  O g i l v i e ,  " S t r u c t u r a l  D e d u c t io n s  from th e  V ib r o n i c  S p e c t r a
of  E thene  and E t h e n e - d . . "4
J .  Chem. P h y s . ,  49,  474-475 (1968) .
O g l i v i e ,  u s i n g  th e  d a t a  o f  McDiarmid and Charney ,  a v e ra g e d
a l l  th e  f r e q u e n c i e s  ( p r im a r y  and h o t )  and o b t a i n e d  795 ±  59 cm ^
f o r  62*!  ̂ and 547 ± 40 cm  ̂ f o r  r e s u l t a n t  i s o t o p i c  r a t i o
i s  t h e n  0 .6 8 8  ± 0 .0 7 1 .  I n  v iew of t h i s  l a r g e  s t a n d a r d  d e v i a t i o n ,
t h e  o u t - o f - p l a n e  b e nd ing  mode becomes a c a n d i d a t e  f o r  a s s i g n m e n t ,
h a v i n g  a ground s t a t e  i s o t o p i c  r a t i o  o f  0 .7 5 6 .  I f  t h e  m o lecu le
w ere  t o  d i s t o r t  e x t r e m e l y  i n  t h e  manner of  v^ ,  t h e n  th e  e f f e c t
o n  t h e  tt*  s t a t e  w o u l d  b e  t o  d i m i n i s h  t h e  r e p u l s i o n  d u e  t o  t h e
o c c u p i e d  TT* o r b i t a l s  as  s u g g e s te d  by Walsh.  I n  t h i s  l a r g e
d i s t o r t i o n  th e  m o lecu le  would r e s em b le  an e c l i p s e d  e t h a n e  m o l e c u le
w i t h  two hyd rogens  removed.  The axes  of  t h e  two CH^ g roups  would
be n e i t h e r  c o l l i n e a r  nor  p a r a l l e l .  t h e n  becomes a l l o w e d ,  b e ing
a^  i n  the  C2V p o i n t  g roup .  I t  was th e n  conc luded  t h a t  the
-1
u n e x p l a i n e d  f r e q u e n c y  o f  150 cm could  be th e  t o r s i o n a l  
v i b r a t i o n .  However,  i s  n o t  t o t a l l y  symmetr ic  under  C2v i n d i c a t i n g  
t h e  m o lecu le  may be s l i g h t l y  s t a g g e r e d .
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(44)  M. Y a r i s ,  A. M oscowi tz ,  and R.S.  B e r ry ,  "Low - ly ing  E x c i t e d
S t a t e s  o f  M o n o - o l e f i n s . "
J .  Chem. P h y s . ,  49,  3150-3160 (1968 ) .
On th e  b a s i s  o f  s e m i e m p i r i c a l  c a l c u l a t i o n s  o f  e n e r g i e s ,  
o s c i l l a t o r  s t r e n g t h s  and r o t a t i o n a l  s t r e n g t h s ,  t h e y  conc luded  t h a t  
t h e r e  e x i s t s  a minimum of t h r e e  l o w - l y i n g  s i n g l e t  s t a t e s  i n  e t h y l e n e  
and s im p le  o l e f i n s .  These a r e :
1 .  a  ^B ( tt -* TT*) r e s p o n s i b l e  f o r  t h e  s t r o n g ,  b r o a dXU z z
a b s o r p t i o n .
2. a ^B ( tt -* cr*) 3s Rydberg r e s p o n s i b l e  f o r  th e  band w i thzu z
e = 1000  i n  a l k y l  s u b s t i t u t e d  o l e f i n s  and c o r r e s p o n d i n g  t o  the  
s h a r p  Rydberg a t  1744$ i n  e t h y l e n e .
3. a ^Bxg(TTz Tt£) R y d b e r g - l i k e  s t a t e  a c c o u n t i n g  f o r  th e
l o w - l y i n g  e l e c t r i c  q u a d r a p o l e - a l l o w e d  t r a n s i t i o n  o b s e rv ed  by Ross
and L a s s e t t r e  i n  e l e c t r o n - i m p a c t  and th e s e  a u t h o r s  i n  o p t i c a l
r o t a t o r y  d i s p e r s i o n .  I n  normal group  t h e o r e t i c a l  n o t a t i o n  and u s in g
t h e  c o o r d i n a t e  frame o f  M u l l i k e n ,  t h e s e  s t a t e s  a r e :  (1)  ^A -♦ ^B.. ,» g l u ’
1 1  1 1  (2)  A -* B„ and (3)  A -» B- . The c a l c u l a t e d  e n e r g i e s  of§ ou g Tg
(1)  and (3)  a r e  shewn i n  T ab le  1 -7 .  A lso  shown i s  t h e  tt (^b )  -» tt* ,\ \ / y '  2g/ Z»
( a  -* TT*) a t  10 .91  ev .
(45 )  A . J .  Merer  and R.S.  M u l l i k e n ,  " U l t r a v i o l e t  S p e c t r a  and E x c i t e d
S t a t e s  o f  E t h y l e n e  and I t s  A lk y l  D e r i v a t i v e s . "
To be p u b l i s h e d .
T h i s  a r t i c l e ,  w h ich  P r o f e s s o r  M u l l i k e n  was k ind  enough t o
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p r o v i d e  us p r i o r  t o  p u b l i c a t i o n ,  i s  an  e x c e l l e n t  r e v i e w  of  th e  
s u b j e c t  and does  much t o  c l e a r  th e  c o n f u s i o n  r e s u l t i n g  from a p p a r e n t l y  
e r r o n e o u s  e x p e r i m e n t a l  work ( t h e  " s h o u l d e r "  a t  ab o u t  2000$ r e p o r t e d  
by  Snow and A l l s o p p  and th e  peak a t  6 . 5  ev p r e p o r t e d  by Kuppermann 
and R a f f ) . He a l s o  comments t h a t  c o n f u s i o n  e x i s t s  b e c a u se  o f  
a p p e a r a n c e  i n  t h e  l i t e r a t u r e  of  c o m p u ta t i o n s  done i n  v a r i o u s  c o o r d i n a t e  
f r a m e s ,  l e a d i n g  t o  v a r i o u s  g roup t h e o r e t i c a l  symbols f o r  t h e  same 
s t a t e s .  He s u g g e s t  the  c o o r d i n a t e  f rame f o r  e t h y l e n e  recommended by 
th e  J o i n t  Commission on S p e c t ro s c o p y  c f  t h e  IAU and th e  IUPAP, i . e . ,  
t h e  x - a x i s  t a k e n  a s  p e r p e n d i c u l a r  t o  th e  m o l e c u l a r  p l a n e ,  the  
z - a x i s  t h ro u g h  th e  two ca rbon  atoms.
He f u r t h e r  comments on th e  c o n f u s i o n  r e s u l t i n g  f rom Robin,
H a r t  and K u e b l e r ' s  f a i l u r e  t o  r e c o g n i z e  t h e  it -* CH* a s  b e i n g  
i d e n t i c a l  w i t h  tt -* n s ,  a s i t u a t i o n  t h e y  r e c o g n i z e d  i n  t h e i r  l a t e r  
p u b l i c a t i o n .  He a l s o  comments on t h e i r  m i s t a k e  i n  t h i n k i n g  B e r ry  
was a s s i g n i n g  CH -* TT* f o r  th e  R «- N ( e  = 500-1000) sy s tem s  i n  a l k y l -  
s u b s t i t u t e d  e t h y l e n e s  when he was a c t u a l l y  r e f e r r i n g  t o  much weaker 
bands  ( e  = 0 .1  t o  1, see  C hap te r  I I )  i n  t h e s e  compounds.  T h i s  
l a t t e r  m i s t a k e ,  however ,  seems a n a t u r a l  one a s  B e r ry  was no t  
a l t o g e t h e r  c l e a r  on t h i s  p o i n t  i n  h i s  i n i t i a l  p u b l i c a t i o n  on the  
s u b j e c t .
We s h ou ld  l i k e  t o  make th e  f u r t h e r  comment t h a t  i t  seems a 
g r e a t  m i s t a k e  t o  do s e m i - e m p i r i c a l  c a l c u l a t i o n s  on e t h y l e n e  and th e n  
r e f e r  t h e  r e s u l t s  t o  t r a n s i t i o n s  i n  l a r g e r  o l e f i n s ,  o r ,  even  w o rse ,  t o
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r e f e r  them t o  bands  such  a s  t h e  6 . 5  ev t r a n s i t i o n  i n  e t h y l e n e  which 
i s  unconf i rm ed  and ,  a c c o r d i n g  t o  t h e  overwhelming e x p e r i m e n t a l  e v i d e n c e ,  
n o n - e x i s t a n t .
(46 )  A . J .  Merer  and R.S.  M u l l i k e n ,  " V i b r a t i o n a l  S t r u c t u r e  of  th e
TT* -  tt E l e c t r o n i c  T r a n s i t i o n  of  E t h y l e n e . "
J .  Chem. P h y s . ,  50,  1026-1027 (1969) .
These a u t h o r s  f i r s t  r e v ie w  th e  p r e v i o u s  a s s ig n m e n t s  g iv e n  
t h e  V «- N p r o g r e s s i o n :  by W i lk in s o n  and M u l l i k e n ,  by McDiarmid
and Charney ,  and by O g l i v i e .  They s t a t e  t h a t  O g l i v i e  numbers 
h i s  v i b r a t i o n  b eca u se  he has  t a k e n  th e  z - a x i s  a s  p e r p e n d i c u l a r  t o
t h e  p l a n e  o f  t h e  m o le c u le .  T h i s  seems c o n f u s i n g  s i n c e  O l g i v i e  
d e s c r i b e s  h i s  v i b r a t i o n  as  one which  in  the  ex t reme y i e l d s  a geom etry  
s i m i l a r t o  e c l i p s e d  e t h a n e  w i t h  two hydrogens  m i s s i n g .  T h i s  i s  indeed  
t h e  s i t u a t i o n  r e s u l t i n g  from a l a r g e  o u t - o f - p l a n e  bend ing  mode v^,  
r e g a r d l e s s  o f  c o o r d i n a t e  s y s tem  chosen .  However, becomes b^ 
i n  symmetry u s i n g  Mull iken 's  c o o r d i n a t e  f ram e ,  whereas  
becomes a^ i n  t h i s  s i t u a t i o n ,  th e  r e q u i r e m e n t  needed f o r  v i b r o n i c  
a l l o w e d n e s s  i n  O l g i v i e ' s  a s s ig n m e n t .
They c o n c lu d e  t h a t  b o t h  V2 and c o n t r i b u t e  t o  th e  spec t rum .  
They use an e s s e n t i a l l y  s i n u s o i d a l  p o t e n t i a l  f o r  t h e  t w i s t i n g  mode 
and t h e y  a l t e r  t h e  C-C d i s t a n c e  t o  keep  up w i t h  t h e  e x p e c te d  e x t e n s i o n  
o f  bond l e n g t h  i n  g o in g  from a more t w i s t e d  t o  a more planar V s t a t e .
By so  d o in g ,  t h e i r  c a l c u l a t i o n  y i e l d s  r e s u l t s  v e r y  s i m i l a r  to  the
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o b s e rv e d  V «- N, p ro d u c in g  th e  i n t e n s i t y  d i s t r i b u t i o n  i n  th e  t r a n s i t i o n  
a l m o s t  e x a c t l y .  They s t a t e  t h a t  th e  p a r a b o l i c  p o t e n t i a l  f u n c t i o n  o f  
McDiarmid and Charney  i s  p h y s i c a l l y  u n r e a l  and y i e l d s  r e a s o n a b l e  
answ ers  o n ly  b eca u se  t h e y  n e g l e c t e d  t h e  e x p e c te d  s t r e t c h i n g  of  th e  
C-C bond.
(47) R. McDiarmid,  " V i b r a t i o n a l  I n t e n s i t y  P r o g r e s s i o n  i n  th e  V <- N 
T r a n s i t i o n  of  E t h y l e n e . "
J .  Chem. P h y s . ,  50,  1794-1800 (1969 ) .
H e re in  i s  r e p o r t e d  th e  r e s u l t s  of  a c a l c u l a t i o n  t r e a t i n g  the
e t h y l e n e  m o lecu le  a s  a one d im e n s io n a l  o s c i l l a t o r  and exam in ing  two
c h o i c e s  of  t h e  p o t e n t i a l  f u n c t i o n  V i n  t h e  S c h r o d in g e r  e q u a t i o n :
1
t h e  s i n u s o i d a l  c h o ice  of  M u l l i k e n ,  V = ~ V q ( 1 - c o s 2 9 )  and a p a r a b o l i c
2
p o t e n t i a l ,  V = Vq 9 . The o bse rved  i n t e n s i t i e s  a r e  found t o  a g r e e  
b e t t e r  w i t h  th e  l a t t e r  c h o i c e .  They a l s o  conc lude  t h a t  th e  bonds 
on e a c h  ca rbon  atom a r e  t r i g o n a l  and n o t  d i s t o r t e d  toward  t e t r a h e d r a l .  
T h i s  seems t o  p rec lude  t h e  s u g g e s t i o n  of  Walsh t h a t  the  ca rb o n  atoms 
l i e  o f f  t h e  minimum a x i s  of  i n e r t i a .  The o s c i l l a t o r  s t r e n g t h  i s  
e s t i m a t e d  t o  be ~-0 . 1 , i n  good ag reem en t  w i t h  p r e d i c t e d  v a l u e s  of  
0 . 3 .  They s t a t e  t h a t  t h e r e  i s  no e v i d e n c e  f o r  t h e  ex t reme 
e x t e n s i o n  of  t h e  C-C bond o t h e r  t h a n  M u l l i k e n ' s  a n a l o g y  w i t h  0 ^ .
Summary: The t r a n s i t i o n s  which  e x p e r i m e n t a l l y  do e x i s t  i n  e t h y l e n e
a b s o r p t i o n  a r e  th e  f o l l o w i n g :
(a )  A s i n g l e t - t r i p l e t  t r a n s i t i o n  a t  ~ 4 . 4  ev ,  g e n e r a l l y
a g r e e d  t o  be T *- N.
(b)  A b road  con t inuum (maximum a t  1620$) h a v in g  an o s c i l l a t o r  
s t r e n g t h  o f  a b o u t  0 . 3 ,  g e n e r a l l y  a g re e d  t o  be V «- N„
(c )  A s h a rp  s e r i e s  o f  d o u b l e t s  s t a r t i n g  a b r u p t l y  a t  1744$ 
and h a v i n g  an  f - v a l u e  of  ~ 0 .0 3 ,  g e n e r a l l y  a s s i g n e d  a s  R(3s)  *- N.
(d)  H ig h e r  members o f  t h i s  Rydberg s e r i e s  and o t h e r  Rydberg 
s e r i e s  e x t e n d i n g  o u t  t o  an i o n i z a t i o n  cont inuum a t  ab o u t  10 .5  ev .
( e )  O p t i c a l  r o t a t o r y  d i s p e r s i o n  measurements  of  B e r ry  and 
e l e c t r o n - i m p a c t  measurements  of  Ross and L e s s e t t r e  i n d i c a t e  an 
e l e c t r i c  d i p o l e  f o r b i d d e n ,  e l e c t r i c  quad ru p o le  a l low ed  t r a n s i t i o n  
a t  ab o u t  7 .4 5  ev ,  a s s i g n e d  by B e r r y  a s  n  -* ^ 2u*
( f )  The s p e c t ru m  shou ld  d e m o n s t r a t e  one f u r t h e r  peak ,  Tr  -  N, 
w h ich  has  n o t  a s  y e t  been o b s e rv e d .
The 6 . 5  ev m y s te ry  band a c c o r d i n g  t o  overwhelming e x p e r i m e n t a l
e v i d e n c e  does  n o t  e x i s t .
I n  T ab le  1 - 8 ,  we g iv e  t h e  t h r e e  c o o r d i n a t e  f rames  chosen  by
v a r i o u s  w o rk e r s  and show th e  c o r r e s p o n d e n c e  of  t h e  v a r i o u s  symmetry
e l e m e n t s  o f  D_, . T h i s  a l l o w s  e a s y  c o n v e r s i o n  o f  n o t a t i o n s  from one 2h J
frame t o  a n o t h e r .  F o r  exam ple ,  the  tt -* tt*  t r a n s i t i o n  i n  e t h y l e n e  i s
'''A -» '*'B1 (b_ -* b ) i n  frame I ,  ''"A -♦ ^B, (b -* b ) i n  frame I I ,  g l u  v 2u 3g7 ’ g l u  N 3u 2g'
and A -* B„ (b ,  -> b -  ) i n  frame I I I .g 3u l u  2g
I n  T ab le  1 -9  a r e  l i s t e d  f r e q u e n c i e s  r e p o r t e d  f o r  the
fu n d a m e n ta l  v i b r a t i o n a l  modes o f  e t h y l e n e  i n  th e  ground s t a t e  and
how t h e s e  v i b r a t i o n s  t r a n s f o r m  in  D_, f o r  th e  t h r e e  c o o r d i n a t e  f rames2h
o f  Tab le  1 -8 .
TABLE 1-1
ABSORPTION BANDS IN THE V «- N TRANSITION OF C «H.------------------------------------------------------------------------------------ 2=-4
McDiarmi d and Charney* W i lk in s o n and Mu 1 l i k e n Snow and Sche ibe  and Z e l i k o f f  and
A l l s o p p G r i e n e i s o n Watanabe
 ̂ “ I nv(cm ) . * Avp - h






48331 817 273 48333 817 48330
49148 783 49140 836 49210
49658H
49931 787 273 49976 768 50000
50489H
50718 861 229 50744 858 50760 50610
51579 848 51602 889 51680 51690 51600
52065H
52427 796 358 52491 667 52500 52400
52886H
53123 817 237 53158 816 53240 53150
u>VO
Table  1-1 (Con t inued )
McDiarmi d and Charney* W i lk in s o n  and M u l l i k e n Snow and Sche ibe  and Z e l i k o f f  and
A l l s o p p G r i e n e i s o n Watanabe
/ - I nv(cm ) Av+ . * P-H v(cm 1) Av+ v(cm v(cm 1)
v(cm 1)
53697H
53941 814 53974 805 54000 53940
54397H
54755 759 358 54779 763 54800 54760
55514 789 55542 755 55560 55490
56303 56297 775 56270 56240
57072 56960
We have o m i t t e d  a f r e q u e n c y  o f  49433 cm  ̂ which  th e  a u t h o r s  say does n o t  f i t  any s e r i e s .
H - - r e f e r s  t o  f r e q u e n c i e s  b e l o n g in g  t o  a ho t  p r o g r e s s i o n .  A l l  o t h e r  f r e q u e n c i e s  r e f e r  t o  members 
o f  a p r im a ry  p r o g r e s s i o n .
+
Av r e f e r s  t o  s p a c in g s  between f r e q u e n c i e s  of  t h e  p r im ary  p r o g r e s s i o n ,  a s s i g n e d  a s  by 
McDiarmid and Charney,  V2 by W i lk in s o n  and M u l l i k e n  ( l a t e r  as  a c o m b in a t io n  of  V2 and v ^ ) •
tt r e f e r s  t o  s p a c in g s  between p r im ary  and h o t  peaks .P-H
■P*©
TABLE 1-2
ABSORPTION BANDS IN THE V <- N TRANSITION OF C„D,----------------------------------------------------------------------------------2~4
McDiarmid and Charney W i lk in s o n  and M u l l i k e n
v(cm 1) V 2 A2V2
CM1>
<3 A HA v 2 AVp_H v(cm ) A1v2 v 4
5 168IH 551 178
51859 547 165 51929 664 546
52024 52047
52232H 1070 529 174
52406 559 52593 732
5275IH 574 214
52965 585 129 52806 188
5275IH 52994 177
53094 596 53171 154
53325H 557 225 53325 774
53550 540 140 53504 214
53690 545 53718 211
53882H 560 208 53929 170
54090 535 135 54099 678
54225 553 54247 172
54442H 528 183 54419 195
54625 530 153 54614 163
54778 533 54777 709
54970H 521 185 54991 182
55155 565 156 55173 313
55311 583 55486 714
55491H 547 229
557 20 535 174 55709 175
55894 500 55884 151
56038H 566 217 56035 165
56255 530 139 56200 741
56394 56418 137
56604H 181 56555 386
56785 56941
57007*
a .  F i r s t  Rydberg t r a n s i t i o n  from a v i b r a t i o n a l l y  e x c i t e d  ground s t a t e .
TABLE 1-3
ABSORPTION BANDS IN THE R <- N TRANSITION OF C„H, AND C„D, (cm "1)
--------------------------------------------------------------------------------------------------------------------------------------------------------------------- 2~ -  4------------------------2~ 4— *-------------------c-
W ilk in son and M u l l i k e n P r i c e  and T u t t e - Sch ie be  and G r i e n e i s o n P l a t t ,  E lev en s Z e l i k o f f  and
and P r i c e Watanabe
Upper S ta t e - C2H4 C2D4 C2H4 C2D4 C2H4 C2H4 C2H4
to o o
57336.0 57620.8 57340 57620 57320 57340 57340
R02
57807.6s 57903.0s 57815 57910 57790 57840 57800
*02 57858 .0s 57927 .0s
*04
58420d 58333 .4d 58340
R10 58706.3 58915.5 58715 58910
58610 58720
^ 2




59904 .7d 59637.3d 59650
R20 60055.4 60199.3 60070 60190
60010 60060 60070















R r e f e r s  t o  t h e  s t a t e  a s  Rydberg i n  n a t u r e .  The f i r s t  s u b s c r i p t  r e f e r s  t o  t h e  number of  q u a n ta  o f  
V2 > the  second t o  t h e  number o f  quan ta  of  v^.
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TABLE 1 -4
ABSORPTION BANDS IN THE T »- N TRANSITION (cm"1)
[ A f t e r  D.F.  Evans ,  J .  Chem. Soc.  (19605)
C2H4 C2D4
Evans Reid Evans
0^,  h ig h  p r e s s u r e 0 2 » low p r e s s u r e l i q u i d O2 , h ig h  p r e s s u r e
28700 28940
29720 29802 29950
30760 30770 30758 30880
31800 31810 31729 31910
32860 32800 32710 33050
33840 33780 33698 33800
34700 347 50 34686 347 20
35640 35660 35610 35590


















MOLAR EXTINCTION COEFFICIENTS (e )  OF THE RYDBERG DOUBLETS
P l a t t ,  E lev en s  
and P r i c e
W i lk in s o n  and 
J o h n s t o n
Z e l i k o f f  and 
Watanabe
Hammond and 
P r i c e
Jo n e s  and 
















































ABSORPTION BANDS OF ETHYLENE AND ETHYLENE-d, ------------------------------------------------------------------------------4
d - - d i f f u s e ;  d d - - v e r y  d i f f u s e
I n t e n s i t i e s  a r e  e s t i m a t e s  o f  a b s o r p t i o n  c o e f f i c i e n t s
[ A f t e r  P G. W i lk in s o n , Can. J .  Phys . , 3 4  (1 9 5 6 ) ]
E t h y l e n e E t h y l e n e - d ^
I n t e n s i t y
(cm "l )
Wavenumber 
( cm” 1 )

















lOOd 67918 3Rl'o lOOd 67911 3R10
lOOOd 69516 3R^0 1000 69656 K o
300d 70035 3R02 300 69987 3R02
330d 70745 3R04 50 70533 3R04
310d 70888 3Ri'o 350 70977 3Ri'o
320d 71445 3Ri2 300 71309 3R12
600 71804 3R14
2000 71788 3R00 900 72047 3R00
500 71951 a 1000 72122 a
1770d 72191 3R02 2000 72296 3R02


















1300 73350 4r /"02 900 73260 % 2
1300 73493 a
1100 73433 3R10




T ab le  I - 6 (C o n t in u ed )
E t h y l e n e E t h y l e n e - d ^
I n t e n s i t y Wavenumber T r a n s i t i o n I n t e n s i t y Wavenumber T r a n s i t i o n
( cm"1) (cm“ l ) (cm- 1) (cm- l )
500 74266 3R32 800 73875 3R32
* 1 4
800 74143 S*
900 74471 So 850 74356 4R'"10
900 74630 4RW12
800d 74615 3R20 950 74739 3R20
1000 74854 4R"'12
500 75511 So 500d 75670 4R00
600 75730 a
600 76060 4R02 600d 76040 4R02
600d 76380 4R04





180 77923 4R '  4 r"  20 10
Od 78029 S 2 S 2
a . May be members of a f i f t h  (nRw/-A) Rydberg s e r i e s .
TABLE 1-7
COMPUTED LOW-LYING TRANSITIONS OF ETHYLENE 
[ A f t e r  Robin,  e t  a l . , J .  Chem. P h y s . . 48 (1968) and B e r r y ,  et: a l . . J .  Chem. P h y s . . 49 (1 9 6 8 ) ]
T r a n s i t i o n  
Symmetry i n  
M u l l i k e n ' s  
c o o r d . frame
Robin ,  e t  a l . B e r r y ,  e t  a l . x
Observed 
Energy (ev)










S t a t e
O r b i t a l ' 
E x c i t a t i o n
E(ev)
1* 1_A -* B0 § 3u
*A -*1B_ ( tt-*3s+3s ) 
§ 2 u ' 7 .55
0 .026 7 .1
l A  -» 1B1 
g l g
( b 3u -  b 2u>
8 .3 9 0 .0 0 0 *B
xg
rr -*TT*(bB ) z y yu
(n*=p +p ) 
Y . - Z - Y - . —
8 .31
XA -  XB 
_ . g ...........?§__
*A - ^ B -  ( tt*3s - 3 s) 8 .4 2 0 .0 0 0
1. 1„A -* B~ g 3u
. ...................... .
9 .0 3 0 .089 8 . 3
bA -  1B1 g l u
( b 3 u -  b 2g>
1Ag- 1Bl u (TTit*) 9 .4 0 0.307 1BXU TTz ( ^ ) - ^ y ; 7.81 7 . 6  (max)
l A  -  1B1 
g l g W l b 2g-"*>
9 .6 0 0 .0 0 0 lb
xg
10.91
§ 2§ .J V W 0
11.01 0 .0 0 0
*A -  XB
§ _____ ?g__ 1V lB 3g( ’, *3bl u )
11 .06 0 .0 0 0
1a _  1 A  -» Bo g 3u
1 1 .14 0 .009
See i t e m  1-42  f o r  e x p l a n a t i o n  o f  t e rm s .  
^See i t e m  1 -44  f o r  e x p l a n a t i o n  o f  t e r n s .
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TABLE 1-8
COORDINATE FRAMES IN D„.---------------------------  2h
C o o rd in a te
Frame
Axis  
P e r p e n d i c u l a r  
t o  M o lecu la r  
P la n e
Axis  a lo n g  
Double 
Bond
I r r e d u c i b ]





I y z A
g Bi g °2g
Au B il u B 2 u B3 u Robin
I I X z A
g Bi g B3S B2g
Au B il u B3 u B 2 u M u l l ik e nC r a i g ,
Walsh
I I I z X A
g B3g Bl g B2g
Au B q3u Bl u B 2 u K a ld o r  &S h a v i t t ,





CONSENSUS3 OF FREQUENCY ASSIGNMENTS FOR THE FUNDAMENTAL 
MODES OF ETHYLENE (D„h )
V i b r a t i o n a l A c t i v e C J L CoD/ I s o t o p i c Symmetry
Mode*5 2 4 (cm- l )
2 4 
(cm- !) R a t i o  ^ Frame I Frame I I Frame I I I


















------------ 1027 726 0 .707 a u a u a u
v 5 R 307 5 2304 0 .749 b 2g b 3g b lg





0 .8 1 6
(o r
0 .8 4 1 )
b 2g b 3g V
V7
IR 949 720 0 .7 5 9 b 2u b 3u b lu
v8 R 943 780 0.827 b 3g b 2g b 2g
v9 IR 3106 2345 0 .7 5 5 »3u b 2u b 2u





0 .7 2 3
( o r
0 .7 1 6 )
b 3u b 2u b 2u
V11 IR 2990 2200 0 .7 3 6 b l u bl u b 3u
V12 IR 1444 1080 0 .7 4 8 b l u b l u
3 u  .1
a .  Consensus  i s  t a k e n  from th e  a s s ig n m e n t s  o f :
W.S. G allaway  and E .F .  B a r k e r ,  J .  Chem. P h y s . ,  l j ) ,  88-97 (1 9 4 2 ) .
G.H. H e rz b e rg ,  " I n f r a r e d  and Raman S p e c t r a  o f  P o ly a to m ic  M o le c u l e s " ,
D. Van N o s t r a n d ,  1945,  p . 326.
R.L.  A r n e t t  and B.L.  C raw ford ,  J r . ,  J .  Chem. P h y s . ,  13,  118-126 
(1 9 5 0 ) .
C. B re e c h e r  and R.S.  H a l f o r d ,  J .  Chem. P h y s . ,  3 5 , 1109-1117 (1 9 6 1 ) .  
W.L. Smith  and I .M. M i l l s ,  J .  Chem. P h y s . ,  40,  2095-2109 (1964) .
S. Kaufman, D.B. H a l l ,  and J . J .  Kaufman,  J . T T o l .  S p e c t r y . , 16,
264-277 (1965) .
b .  F o r  v e c t o r  d e s c r i p t i o n  o f  t h e s e  v i b r a t i o n a l  modes see  G.H. H erzbe rg ,  
" I n f r a r e d  and Raman S p e c t r a  o f  P o ly a t o m ic  M o l e c u l e s , "  D. Van N o s t r a n d ,
1945, p . 107.
G e ig e r  and Wittmaack 
E l e c t r o n - I m p a c t  Spect rum
II eV© a t  a*
Z e l i k o f f  and Watanabe 
O p t i c a l  A b s o r p t io n  Spectrum
F i g u r e  1-1
Vacuum UV A b s o r p t io n  o f  E th y le n e  
























W ave leng th  $ 
F i g u r e  1-2
D o u b le t s  of  th e  1740$ Rydberg System 















F i g u r e  1-3  
V «- N A b s o r p t i o n  Bands o f  anc* ^2^4








W ave leng th  ($)
F i g u r e  1 -4
A b s o r p t i o n  Bands o f  an<  ̂ ^2^4  '*"n t ^ 0 ®,e§ :''on 1500-1300$
[ A f t e r  W i lk in s o n ,  Can. J .  P h y s . ,  34, 643 (1956]
CHAPTER I I
AN ANNOTATED BIBLIOGRAPHY OF THE ELECTRONIC STRUCTURE 
AND ULTRAVIOLET ABSORPTION SPECTRA OF ALKYL 
SUBSTITUTED ETHYLENES
T h i s  b i b l i o g r a p h i c a l  h i s t o r y  w i l l  d e a l  m a in ly  w i t h  th e  
m e t h y l - s u b s t i t u t e d  e t h y l e n e s  s i n c e  t h e y  d i s p l a y  a d e q u a t e l y  t h e  
t r a n s i t i o n s  o c c u r r i n g  i n i t e  u l t r a v i o l e t  a b s o r p t i o n  s p e c t r a  of  
s im p l e  m o n o - o l e f i n s .  C yc lohexene  and c y c l o p e n te n e  d e m o n s t r a t e  
t h a t  c y c l i c  o l e f i n s  d i s p l a y  t h e  same t r a n s i t i o n s .
To a v o i d  c o n f u s i o n  a s  to  what  bands  a r e  b e i n g  r e f e r r e d  
t o  i n  t h e  i n d i v i d u a l  p a p e r s ,  we i n i t i a l l y  r e p r o d u c e  t h e  a b s o r p t i o n  
s p e c t r a  ( i n  t h e  v a r i o u s  p h a s e s  i n  w h ich  r e p o r t e d )  o f  t h e  m e th y l -  
s u b s t i t u t e d  e t h y l e n e s  and t h e s e  two c y c l i c  o l e f i n s - - F i g u r e s  1-1  
and 1 - 8 .
The s p e c t r a  a r e  i n  g e n e r a l  more d i f f u s e  and l e s s  s h a r p l y  
s t r u c t u r e d  t h a n  t h a t  o f  e t h y l e n e ,  o b v i a t i n g  any co m p le te  s p e c t r a l  
a n a l y s e s .  T h e r e f o r e ,  we s h a l l  n o t  t a b u l a t e  r e p o r t e d  f r e q u e n c i e s  
f rom  t h e  l i t e r a t u r e  a s  was done i n  C h a p te r  I  f o r  e t h y l e n e .
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-1 0 0 0
eu




190 180 170 160 150
W ave leng th  (my,) 
F i g u r e : I I - l
P ro p y le n e  Spect rum (Vapor)




-3  -1Wave number x 10 (cm )
F i g u r e  I I - 2  
I s o b u t e n e  Spect rum (Vapor)








-3  -1Wave Number x 10 (cm )
F i g u r e  I I - 3
c i s - B u t e n e - 2  Spec t rum (Vapor)






Wave Number x 10 
F i g u r e  I I - 4
-3 (cm 1)
t r a n - B u t e n e - 2  Spect rum (Vapor)  




A - - a f t e r  Semeuow, H a r r i s o n  
and C a r r ,  J .  Chem. P h y s . ,  







B - - a i t e r  C a r r  and W a l t e r ,  
J .  Chem. P h y s . ,  4,  75J 
2 (1936)
- - 2 9 8  K
77 K
<1>
48 54 6036> 42
v(cm
A f t e r  P o t t s ,  J .  Chem. Phys .  
23,  65 (1955)
30 36 42 48
-3  _ i
Wave Number x 10 (cm )
F i g u r e  I I - 5
T r i m e t h y l e t h y l e n e  S p e c t r a  









B - - a £ t e r  C a r r  and 
W a l t e r ,  J  
Chem. P h y s . ,
4,  756 (19.36)
Wave Number 
(cm"l  x 10“ 3) 
i I i i i
F i g u r e  I I - 6
T e t r a m e t h y l e t h y l e n e  S p e c t r a  
(A --V apor ,  B - - L i q u id  and S o l u t i o n ,  
C - - ,  S o l u t i o n  and G la s s  a t  77°K)
A - - a f t e r  Robin ,  H a r t  and 
K u e b le r ,  J .  Chem. P h y s . ,  
44,  1803 (1966)
C - - a f t e r  P o t t s ,  J .  Chem. 
P h y s . ,  23,  65 (1955)
- - - 2 9 8  K
77°K








-3  -1Wave Number x  10 (cm )
F i g u r e  I I - 7  
C y c lo p e n te n e  Spec t rum 
(Vapor)
[ a f t e r  P i c k e t t ,  Muntz and McPherson,  J .  Am. Chem. S o c . ,  
73,  4862 (1 9 5 1 ) ]
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3 ’ 
2 -  
1 - 
0 -
-1  -  ✓
36
ooo1-7
A - - a f t e r  P i c k e t t ,  Muntz,  and McPherson,  
J .  Am. Chem. S o c . ,  73,  4862 (1951)






v (cm * x 10
C ^ - a f t e r  P o t t s ,
J .  Chem. P h y s . ,  23,
• . •  ~  — •
65 (1955)
E - - a f t e r  Snow and A l l s o p p ,  
T r a n s .  F a r .  S o c . ,  30 ,  93 
(1934)
A ( m i l l i m i c r o n s )
300 260 220 180
F i g u r e  I I - 8  
Cyclohexene
(A --V apor ,  B - - L i q u id  and S o l u t i o n ,  C - - S o l u t i o n  and g l a s s  a t  77°K)
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( 1 )  J .  S t a r k ,  W. S t e u b i n g ,  C . J .  E n k l a a r  und P .  L i p p ,  "D ie
U l t r a v i o l e t t e n  A b s o r p t i o n s b a n d e n  d e r  W e c h s e l s e i t i g e n  
B i n d u n g  v o n  K o h l e n s t o f f a t o m e n .  I .  M e t h o d i k ,
A t h y l e n b i n d u n g . "
J a h r b u c h  d e r  R a d i o a k t i v i t a t  und E l e k t r o n i k ,  1 0 ,  1 3 9 - 1 7 4  
( 1 9 1 3 ) .
( l a )  J .  S t a r k  und P .  L i p p ,  " E i n f l u s s  d e r  i n n e r m o l e k u l a r e n
R e l a t i v b e w e g u n g  a u f  d i e  I n t e n s i t S ’t  d e r  A b s o r p t i o n  und 
F l u o r e s z e n z  v o n  V a l e n z e l e k t r o n e n . "
Z e i t .  f .  P h y s i k .  C h e m i e ,  A 8 6 , 3 6 - 4 1  ( 1 9 1 4 ) .
T h e s e  tw o  r e f e r e n c e s  p r e s e n t  v e r y  q u a l i t a t i v e  a b s o r p t i o n  
s p e c t r a  o f  i s o b u t e n e ,  t r i r a e t h y l e t h y l e n e , a n d  n - h e x a n e - 2  i n  t h e  v a p o r  
p h a s e .  T h e y  show t h e  o n s e t  o f  a b s o r p t i o n  t o  l i e  i n  t h e  r a n g e  
2 3 0 - 2 1 0  m i l l i m i c r o n s .  T h i s  w e a k  a b s o r p t i o n  t h e n  r i s e s  up t h e  s i d e  
o f  a  s t r o n g e r  t r a n s i t i o n  w h i c h  h a s  a n  i n f l e c t i o n  b e t w e e n  206 a n d  209 
m i l l i m i c r o n s .  The maximum o f  t h e  w e ak  a b s o r p t i o n  b an d  w as  e s t i m a t e d  
t o  b e  a t  a b o u t  180  m i l l i m i c r o n s .
( 2 )  A. L l i t h y ,  " A b s o r p t i o n s s p e k t r u m  i n  U l t r a v i o l e t t e n  v o n
u n g e s a t t i g t e n  V e r b i n d u n g e n .  D a m p f s p e k t r a  v o n  A c r o l e i n ,  
C r o t o n a l d e h y d  und G l y o x a l . "
Z e i t s .  f .  P h y s i k .  C h e m i e ,  A 1 0 7 ,  2 8 5 - 3 0 4  ( 1 9 2 3 ) .
H e r e i n  i s  r e p o r t e d  t h e  s o l u t i o n  s p e c t r u m  o f  t r i m e t h y l e t h y l e n e  
i n  h e x a n e .  The o n s e t  o f  a b s o r p t i o n  w as  r e p o r t e d  t o  b e  a w e ak  ba nd
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w i t h  i t s  maximum b e t w e e n  2 3 4 0  an d  2350f t .  Th e a b s o r p t i o n  t h e n  r i s e s  
r a p i d l y  t o  a b o u t  1 9 3 5 $  ( t h e  l o w e s t  w a v e l e n g t h  t h e y  r e p o r t ) .  T h e i r  
c u r v e  a l s o  show s  a n  i n f l e c t i o n  a t  a b o u t  2100f t .
( 3 )  R . S .  M u l l i k e n ,  " E l e c t r o n i c  S t r u c t u r e s  o f  P o l y a t o m i c  M o l e c u l e s  
a n d  V a l e n c e .  I I .  Q u a n tu m  T h e o r y  o f  t h e  D o u b l e  B o n d . "
P h y s .  R e v . ,  4 1 ,  7 5 1 - 7 5 8  ( 1 9 3 2 ) .
( 3 a )  R . S .  M u l l i k e n ,  " E l e c t r o n i c  S t r u c t u r e s  o f  P o l y a t o m i c  M o l e c u l e s  
a n d  V a l e n c e .  IV .  E l e c t r o n i c  S t a t e s ,  Q u a n tu m  T h e o r y  o f  
t h e  D o u b l e  B o n d . "
P h y s .  R e v . ,  4 3 ,  2 7 9 - 3 0 2  ( 1 9 3 3 ) .
M u l l i k e n  e x t e n d e d  h i s  t r e a t m e n t  o f  p l a n a r  a n d  b e n t  e t h y l e n e  
( S e e  C h a p t e r  I - 2 & 3 )  t o  e t h y l e n e  d e r i v a t i v e s  o f  t h e  f o r m  = CR3 R4
s i n c e  t h e y  show q u a l i t a t i v e l y  t h e  same s p e c t r a l  b e h a v i o r  a s  e t h y l e n e .  
He i n t e r p r e t e d  t h e  f i r s t  s t r o n g  t r a n s i t i o n  (~200()X)  a s  b e i n g  f r o m  
t h e  p l a n a r  tt l e v e l  t o  t h e  f i r s t  e x c i t e d  tt*  l e v e l ,  a n d  s u g g e s t e d  t h a t  
i t s  s h i f t  t o  l o n g e r  w a v e l e n g t h s  w a s  p r o b a b l y  d u e  t o  t h e  e x c i t e d  
s t a t e  b e i n g  more  n e a r l y  n o r m a l  t h a n  i n  e t h y l e n e .  Th e w e a k e r  
a b s o r p t i o n  a t  2 3 0 0  t o  2100X w a s  t e n t a t i v e l y  a t t r i b u t e d  t o  t h e  
c o r r e s p o n d i n g  t r i p l e t .  He f u r t h e r  s t a t e d  t h a t  t h e  s t r o n g e r  
a b s o r p t i o n  a t  s h o r t e r  w a v e l e n g t h s  w a s  p r o b a b l y  a n  e x t e n s i o n  o f  t h e  
t t  -♦ rf*. H i s  i n t e r p r e t a t i o n  o f  t h e  s t r u c t u r e  o f  o l e f i n s  t h u s  a c c o u n t s  
f o r  t h e  c o n v e r s i o n  o f  c i s  i n t o  t r a n s  i s o m e r s  a n d  v i c e  v e r s a  on  
a b s o r p t i o n  o f  u l t r a v i o l e t  l i g h t .
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( 4 )  G. S c h e i b e ,  F .  P o v e n z ,  un d  C . F .  L i n s t r t f m ,  " U b e r  d i e
L i c h t a b s o r p t i o n  e i n i g e r  K o h l e n s t o f f v e r b i n d u n g e r  im  
S c h u m a n n - U l t r a v i o l e t t . "
Z.  f u r .  P h y s i k .  C h e m i e ,  B20 ,  2 8 3 - 3 0 4  ( 1 9 3 3 ) .
T h e y  r e p o r t e d  o n l y  t h a t  t r i m e t h y l e t h y l e n e  s h o w s  a 
c o n t i n o u s  a b s o r p t i o n  w i t h  no  m a r k e d  m a x im a ,  i n c r e a s i n g  i n  i n t e n s i t y  
f r o m  4 5 0 0 0  t o  5 3 0 0 0  cm
( 5 )  C . P .  Snow a n d  C . B .  A l l s o p p ,  " E l e c t r o n i c  L e v e l s  o f  P o l y a t o m i c
M o l e c u l e s .  I .  Some L e v e l s  o f  t h e  C=C D o u b l e  B o n d . "
T r a n s .  F a r .  S o c . ,  30 , 9 3 - 9 9  ( 1 9 3 4 ) .
T h e s e  w o r k e r s  r e p o r t e d  t h e  a b s o r p t i o n  s p e c t r a  o f  
c y c l o h e x e n e  an d  t r i m e t h y l e t h y l e n e  i n  c y c l o h e x e n e .  T h e i r  d a t a  a g r e e s  
w i t h  t h e  p r e v i o u s l y  r e p o r t e d  o l e f i n  s p e c t r a ,  b o t h  a b s o r p t i o n s  b e i n g  
c h a r a c t e r i z e d  b y  a n  i n t e n s e  maximum ( l o g  e = 4 . 0 )  a t  a b o u t  18 5 0 S  
a n d  a  w e a k e r  b a n d  b e t w e e n  2 3 0 0  a n d  2 9 0 0 ^  w h i c h  i s  ~ 1 0  ^  t i m e s  a s  
s t r o n g .  T h e y  a g r e e d  w i t h  M u l l i k e n  t h a t  t h e  s t r o n g  a b s o r p t i o n  i s
-» *B (tt -* tt*) , and also assign the weaker absorption as the
1 3c o r r e s p o n d i n g  A -+ B.
( 6 )  E . P .  C a r r  a n d  H. S tb ’c k l e n ,  " D i e  A b s o r p t i o n s s p e k t r e n  e i n i g e r
K o h l e n w a s s e r s t o f f v e r b i n d u n g e n  i m  S c h u m a n n - V i o l e t t . "
Z .  f u r  P h y s i k .  C h e m i e ,  B25,  5 7 - 7 0  ( 1 9 3 4 ) .
T h i s  i s  t h e  f i r s t  i n  a  s e r i e s  o f  p a p e r s  b y  t h e s e  w o r k e r s  
a n d  t h e i r  c o l l e a g u e s  w h i c h  r e p o r t  s p e c t r a  o f  o l e f i n s  i n  t h e  v a c u u m
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u l t r a v i o l e t  r e g i o n .  H e r e i n  i s  r e p o r t e d  t h e  v a p o r  s p e c t r a  o f  
n - h e p t e n e - 1 ,  n - p e n t e n e - 1 ,  n - p e n t e n e - 2 ,  a n d  t r i m e t h y l e t h y l e n e .
F o r  t h e  l a t t e r ,  t h e y  o b s e r v e d  a  b r o a d ,  i n t e n s e  t r a n s i t i o n  b e l o w  
1 5 3 0 $ ,  a  b r o a d  b a n d  w i t h  maximum a t  1 7 4 0 8  ( 5 7 5 0 0  cm *■), a n d  two 
w e a k e r  o n e s  a t  2 0 6 6  a n d  2 1 7 l X  ( 4 8 4 0 3  a n d  4 6 0 6 2  cm ^ ) .
( 7 )  M.L.  S h e r r i l  a n d  G . F .  W a l t e r ,  " P r e p a r a t i o n  a n d  P h y s i c a l  C o n s t a n t s
o f  2 - M e t h y l b u t e n e - l . "
J .  Am. Chem.  S o c . ,  5 8 ,  7 4 2 - 7 4 5  ( 1 9 3 6 ) .
T h e y  o b s e r v e d  t h a t  t h e  a b s o r p t i o n  c u r v e s  f o r  t r i m e t h y l e t h y l e n e ,
2 - m e t h y l b u t e n e - l ,  1 - p e n t e n e ,  a n d  2 - p e n t e n e  i n  t h e  p u r e  l i q u i d  an d  i n  
h e x a n e  s o l u t i o n s  a r e  a l l  v e r y  s i m i l a r .  T he  s t e p - o u t  i n  a b s o r p t i o n  
( i . e . ,  w e a k e r  b a n d )  i s  sh own  b y  t h e  p e n t e n e s  i n  t h e  r e g i o n  
4 2 0 0 0 - 4 5 0 0 0  c m " ^ .  The p o s i t i o n  o f  t h i s  w e a k  b a n d  a p p e a r s  t o  be  
d e p e n d e n t  o n  t h e  n u m b e r  o f  a l k y l  g r o u p s  ( a n d  t o  a  l e s s e r  e x t e n t  on  
t h e  a r r a n g e m e n t  o f  a l k y l  g r o u p s )  a r o u n d  t h e  d o u b l e  b o n d - - b e i n g  a t  
l o n g e r  w a v e l e n g t h s  t h e  g r e a t e r  t h e  n u m b er  o f  a l k y l  g r o u p s .
( 8 )  E . P .  C a r r ,  a n d  M.K.  W a l k e r ,  " T h e  U l t r a v i o l e t  A b s o r p t i o n  S p e c t r a
o f  S i m p l e  H y d r o c a r b o n s , "
J .  Chem.  P h y s . ,  4 ,  7 5 1 - 7 5 5  ( 1 9 3 6 ) .
The a b s o r p t i o n  s p e c t r a  o f  n - h e p t e n e - 3  a n d  t e t r a m e t h y l e t h y l e n e  
w e r e  r e p o r t e d  i n  t h e  l i q u i d  an d  h e x a n e  s o l u t i o n  p h a s e s  b e t w e e n  40 0 0  
a n d  21008 v  F o r  n - h e p t e n e - 3  t h e y  o b s e r v e d  a  s t e p - o u t  i n  a b s o r p t i o n  
e x t e n d i n g  f r o m  3 5 2 0 0  cm ^ t o  a p p r o x i m a t e l y  3 9 0 0 0  cm * c o r r e s p o n d i n g
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t o  a  w e a k  a b s o r p t i o n ,  a n o t h e r  s t e p - o u t  b e t w e e n  4 2 0 0 0  a n d  4 6 0 0 0  cm  ̂
d u e  t o  a  b a n d  o f  much h i g h e r  i n t e n s i t y ,  a n d  a  f i n a l  r i s e  i n  
a b s o r p t i o n  w h i c h  c o n t i n u e s  t o  4 7 2 0 0  cm
A b s o r p t i o n  b e g i n s  i n  t e t r a m e t h y l e t h y l e n e  w i t h  a  w e a k  b an d  
( l o g  g = - 1 . 0 )  f r o m  3 0 2 0 0  t o  3 9 0 0 0  cm I n t e n s i t y  t h e n  r i s e s  
s h a r p l y  t o  a b o u t  4 3 4 0 0  cm ^ ( l o g  e = 3 . 0 )  a t  w h i c h  p o i n t  t h r e e  n a r r o w  
b a n d s  a r e  o b s e r v e d .  T h e s e  c o r r e s p o n d  t o  t h e  f i r s t  t h r e e  p e a k s  i n  
a  s e r i e s  o f  s i x  n a r r o w  b a n d s  o b s e r v e d  i n  t h e  v a p o r  p h a s e .
C o m p a r i s o n  o f  t h e i r  s p e c t r a  w i t h  e a r l i e r  w o r k  r e v e a l s  a 
p r o g r e s s i v e  s h i f t  t o w a r d  t h e  v i s i b l e  a s  t h e  h y d r o g e n  a t o m s  o f  
e t h y l e n e  a r e  r e p l a c e d  b y  a l k y l  g r o u p s .  T h ey  a l s o  n o t e d  t h e  
s i m i l a r i t y  b e t w e e n  t h e  s p e c t r a  o f  d i f f e r e n t  h y d r o c a r b o n s  h a v i n g  
t h e  same c o n f i g u r a t i o n  w i t h  r e s p e c t  t o  t h e  d o u b l e  b o n d .
( 9 )  E . P .  C a r r  a n d  G . F .  W a l t e r ,  "Th e U l t r a v i o l e t  A b s o r p t i o n  S p e c t r a  
o f  S i m p l e  H y d r o c a r b o n s .  I I .  I n  L i q u i d  a n d  S o l u t i o n  
P h a s e . "
J .  Chem.  P h y s . ,  4 ,  7 5 6 - 7 6 0  ( 1 9 3 6 ) .
T h i s  p a p e r  r e p o r t s  t h e  s o l u t i o n  s p e c t r a  i n  h e x a n e  o f  
t w e l v e  o l e f i n i c  h y d r o c a r b o n s  b e t w e e n  300 a n d  2100&.  T h e y  n o t e d  
t h a t  t h e  b e g i n n i n g  o f  a b s o r p t i o n  ( l o g  e -  - 2 . 0 )  s e e m s  c h a r a c t e r i s t i c  
o f  t h e  n u m b er  o f  a l k y l  g r o u p s  b o u n d  t o  t h e  c a r b o n  a t o m s  o f  t h e  d o u b l e  
bo n d  an d  i s  o n l y  v e r y  s l i g h t l y  a f f e c t e d  b y  t h e  n a t u r e  o f  t h e  a l k y l  
g r o u p s .  The w e a k  a b s o r p t i o n  b a n d s  i n  t h e  q u a r t z  r e g i o n  a r e
s u m m a r i z e d  a s  f o l l o w s :
C o n f i g u r a t i o n  F r e q u e n c y  (cm ^)
RHC = CH2 3 8 0 0 0  - 3 9 0 0 0
RHC = CHR 3 4 5 0 0  - 3 5 8 0 0
R2C = c h 2 3 5 0 0 0  - 3 6 4 0 0
R2C = CHR 3 2 0 0 0  - 3 2 8 0 0
r 2c = c r 2 3 0 , 0 0 0
( 1 0 )  E . P .  C a r r  an d  H. S t t i c k l e n ,  "Th e U l t r a v i o l e t  A b s o r p t i o n  S p e c t r a  
o f  S i m p l e  H y d r o c a r b o n s .  I I I .  I n  V a p o r  P h a s e  i n  t h e  
S chum ann  R e g i o n . "
J .  Chem.  P h y s . ,  4 ,  7 6 0 - 7 6 8  ( 1 9 3 6 ) .
The v a p o r  s p e c t r a  o f  f o u r t e e n  e t h y l e n i c  h y d r o c a r b o n s  a r e  
p r e s e n t e d  f o r  t h e  r a n g e  23 0 0  -  1500&.  Once a g a i n  i t  i s  o b s e r v e d  
t h a t  t h e  num ber  o f  a l k y l  g r o u p s ,  n o t  t h e  n a t u r e  o f  t h e  a l k y l  g r o u p ,  
d e t e r m i n e s  t h e  p o s i t i o n  o f  t h e  f i r s t  b a n d  i n  t h i s  r e g i o n .  W h e t h e r  
t w o  a l k y l  g r o u p s  a r e  b o u n d  s y m m e t r i c a l l y  o r  u n s y m m e t r i c a l l y  c a u s e s  
o n l y  a  s l i g h t  d i f f e r e n c e  i n  t h e  w ave  n u m b e r .  The a b s o l u t e  i n t e n s i t y  
o f  t h i s  b an d  w a s  n o t  r e p o r t e d ,  b u t  i t  i s  s t r o n g e r  t h a n  t h e  i n i t i a l  
b a n d s  i n  t h e  q u a r t z  r e g i o n .  I t  p o s i t i o n  i n  t h e  v a r i o u s  a l k y l
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d e r i v a t i v e s  i s  s u m m a r i z e d  a s  f o l l o w s :
C o n f i g u r a t i o n  F r e q u e n c y  (c m  'S
RHC = CH2 ~53000
RHC -  CHR 48000 - 49000
R2C = CH2 49000 - 50000
R2C -  CHR ~46500
R2C = CR2 ~43100
T h e y  p l o t t e d  t h e  f r e q u e n c y  o f  t h i s  a b s o r p t i o n  b an d  v e r s u s
t h e  n u m b e r  o f  a l k y l  g r o u p s ,  o b t a i n i n g  a  n e a r l y  s t r a i g h t  l i n e
e x t r a p o l a t i n g  t o  t h e  t r a n s i t i o n  i n  e t h y l e n e  ( z e r o  a l k y l  g r o u p s )
a t  1744&. T h e y  t h u s  c o n c l u d e d  t h a t  i f  t h i s  f i r s t  t r a n s i t i o n  i s  
1 1A -♦ B a s  a s s i g n e d  b y  Snow a n d  A l l s o p p ,  t h e n  t h e  1744X p e a k  i n
e t h y l e n e  m u s t  b e  s i m i l a r l y  a s s i g n e d .  T h e y  a l s o  c o n c l u d e d  t h a t  t h e
1 3a s s i g n m e n t  b y  Snow an d  A l l s o p p  o f  A -» B f o r  t h e  v e r y  w e a k  b a n d s  
i n  t h e  q u a r t z  r e g i o n  i s  c o r r e c t .
T h e y  s t a t e d  t h a t  t h e  f i r s t  t r a n s i t i o n  i n  t h e  Schumann  
r e g i o n  a p p e a r s  t o  be  o v e r l a p p e d  b y  h i g h e r  e l e c t r o n i c  t r a n s i t i o n s  i n  
m o s t  o f  t h e  m o l e c u l e s  s t u d i e d .  T h e y  c o u l d  f i n d  no c o n s i s t e n t  
f r e q u e n c y  s e p a r a t i o n s ,  t h e  b a n d s  b e i n g  t o o  d i f f u s e .  T h u s ,  no 
v i b r a t i o n a l  a n a l y s i s  w a s  p o s s i b l e .  I n  m o s t  c a s e s  t h e  m ax im a w e r e  
s e p a r a t e d  b y  1200 - 1500 cm ^ w h i c h  i s  o f  t h e  same o r d e f  a s  t h e  C=C 
s t r e t c h i n g  f r e q u e n c y  i n  e t h y l e n e  (1350 cm ■*").
(11)  A.A. Ashdown, L. H a r r i s  and R.T.  A rm st rong ,  "The U l t r a v i o l e t
A b s o r p t i o n  o f  P ure  Cyc lopropane  and P r o p y l e n e ;  T h e i r
P r e p a r a t i o n  and B o i l i n g  P o i n t s . "
J .  Am. Chem. S o c . ,  58,  850-852 (1 9 3 6 ) .
These  w o rk e r s  looked a t  a b s o r p t i o n  of  l i q u i d  p ro p y len e  
( -78°C)  i n  a q u a r t z  c e l l  w i t h  1 .5  cm p a t h l e n g t h .  They were a b l e  t o  
v ie w  o n ly  t h e  o n s e t  o f  a b s o r p t i o n  i n  t h e  ne ighborhood  o f  2400$.
(12) E .P .  C a r r  and H. S t u c k l e n ,  "The U l t r a v i o l e t  A b s o r p t io n  S p e c t r a
o f  t h e  I som ers  o f  B u te n e -2  and P e n t e n e - 2 . "
J .  Am. Chem. S o c . ,  59,  2138-2141 (1 9 3 7 ) .
T h i s  p a p e r  r e p o r t s  a g r e a t  s i m i l a r i t y  i n  th e  s t r u c t u r e d  
a b s o r p t i o n  o f  c i s - b u t e n e - 2  and c y c lo h e x e n e  v a p o r s  (47000 - 54000 cm ^) 
w h e reas  th e  s t r u c t u r e  i n  th e  t r a n s - b u t e n e - 2  i s  d i f f e r e n t .  The 
s e p a r a t i o n  o f  t h e  s t r o n g e s t  peaks  i n  c i s - b u t e n e - 2  i s  1510 cm i n  
t r a n s - b u t e n e - 2 ,  1570 cm Th is  compares  w i t h  t h e  ground s t a t e  
f r e q u e n c i e s  (Raman a c t i v e )  f o r  t h e  C-C s t r e t c h  o f  1658 cm ^ and 
1674 cm f o r  t h e  c i s  and t r a n s  fo rm s ,  r e s p e c t i v e l y .  For  cyc lohexene  
th e  u l t r a v i o l e t  s p a c i n g  i s  1485 cm ^ compared w i t h  t h e  ground s t a t e  
f r e q u e n c y  1646 cm T h i s  c l o s e l y  p a r a l l e l s  th e  v a l u e s  of  c i s - b u t e n e -
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(13) E .P .  C a r r  and H. S t t t c k le n ,  "The U l t r a v i o l e t  A b s o r p t i o n  of
Simple H ydroca rbons .  IV. U n s a t u r a t e d  C y c l i c  H ydrocarbons
i n  t h e  Schumann R e g i o n . "
J .  Chem. P h y s . ,  6, 55-61 (1 9 3 8 ) .
T h i s  p a p e r  p r e s e n t s  the  v a p o r  a b s o r p t i o n  s p e c t r a  o f  
c y c lo h e x e n e  and c y c l o p e n t e n e . i n  t h e  r e g i o n  2300 t o  1650$. They 
a g a i n  n o te  the  s i m i l a r i t y  be tween  the  a b s o r p t i o n  o f  cyc lohexene
and t h a t  o f  c i s - b u t e n e - 2 ,  b o t h  h a v in g  s p a c i n g s  e x p e c t e d  f o r  a
C=C s t r e t c h i n g  f r e q u e n c y .  However,  the  c y c l o p e n t e n e  a b s o r p t i o n  in  
t h e  Schumann r e g i o n  i s  d i f f e r e n t  from a l l  t h e  o t h e r  o l e f i n s .  The 
b e g i n n i n g  of  a b s o r p t i o n  i s  a t  47600 cm 1 i n  a c c o rd  w i t h  t h e  o t h e r  
o l e f i n s .  However, t h e  s p e c t ru m  i n  t h i s  r e g i o n  c o n s i s t s  o f  a s e r i e s  
o f  a bou t  tw en ty  e q u a l l y  spaced  nar row b an d s ,  the  a v e r a g e  s e p a r a t i o n  
o f  w hich  i s  130 cm
Q u i te  c l e a r l y  marked band s e p a r a t i o n s  o f  1520 and 2470 cm 1 
o c c u r  i n  t h e  h i g h e r  e l e c t r o n i c  l e v e l  w hich  b e g i n s  a t  ab o u t  53000 cm
These th e y  compare w i t h  Raman v a l u e s  o f  1610 cm 1 and a group o f  l i n e s
a t  2846,  2902,  2947 and 3060 cm"1
(14) E .P .  C a r r  and H. S tU ck le n ,  "An E l e c t r o n i c  T r a n s i t i o n  o f  the
Rydberg S e r i e s  Type i n  t h e  A b s o r p t i o n  S p e c t r a  o f
H y d r o c a r b o n s . "
J .  Chem. P h y s . ,  7, 631 (1 9 3 9 ) .
The p o s i t i o n  o f  t h e  d i f f u s e  bands  o f  m ode ra te  i n t e n s i t y  i n  
t h e  r e g i o n  be tween  43000 and 53000 cm 1 , when p l o t t e d  v e r s u s  th e
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number of a l k y l  g r o u p s ,  y i e l d s  a n e a r l y  s t r a i g h t  l i n e .  T h i s  l i n e
e x t r a p o l a t e s  t o  a v a l u e  o f  57 ,320  cm  ̂ (1744&) i n  e t h y l e n e  a s
measured  by P r i c e  and T u t t e  (See C h a p te r  1 - 7 ) .  I t  was i d e n t i f i e d  a s
th e  f i r s t  member of  a Rydberg s e r i e s .  These a u t h o r s  t h u s  conc luded
t h a t  t h e  f i r s t  a b s o r p t i o n s  i n  the  Schumann r e g i o n  were Rydberg
i n  n a t u r e ,  and were supe r im posed  on th e  b e g i n n i n g  o f  a c o n t i n u o u s
band of  h i g h  i n t e n s i t y  (v  «  57000 cm ^ i n  most o l e f i n s ) .  T h i s  
°  J max
band t h e y  a s s i g n e d  as  N -> V (^A -* ^B) .
(15 )  W.C. P r i c e  and W.T. T u t t e ,  "The A b s o r p t i o n  S p e c t r a  of  E t h y l e n e ,  
d e u t e r o - E t h y l e n e ,  and Some A l k y l - S u b s t i t u e d  E t h y l e n e s  i n  
t h e  Vacuum U l t r a - v i o l e t . "
P r o c .  Roy. Soc.  (London) ,  174, 207-220 (1 9 4 0 ) .
These a u t h o r s  no te d  t h a t  t h e  d i m i n u t i o n  i n  t h e  h e a t  o f  
h y d r o g e n a t i o n  w i t h  i n c r e a s i n g  a l k y l  s u b s t i t u t i o n  p a r a l l e l s  t h e  r ed  
s h i f t  i n  t h e  sp e c t ru m .  However, t h e  s h i f t  i n  t h e  bands  i s  
c o n s i d e r a b l y  l e s s  t h a n  t h e  d i m i n u t i o n  i n  i o n i z a t i o n  p o t e n t i a l .
T h i s  i n d i c a t e s  t h e  upper  s t a t e  i s  becoming i n c r e a s i n g l y  a n t i b o n d i n g  
w i t h  t h e  a l k y l  s u b s t i t u t i o n .  I o n i z a t i o n  p o t e n t i a l s  were  computed 
f rom Rydberg s e r i e s  l i m i t s  i n  t h e  vacuum u l t r a v i o l e t  a b s o r p t i o n .
They o b t a i n e d  10 .45  ev f o r  e t h y l e n e ,  9 . 6  ev f o r  p r o p y l e n e ,  9 . 2  ev f o r  
t r a n - b u t e n e - 2 ,  8 .7 5  ev f o r  t r i m e t h y l e t h y l e n e ,  and 8 . 3  ev f o r  
t e t r a m e t h y l e t h y l e n e .
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(16)  H. Sponer and E. T e l l e r ,  " E l e c t r o n i c  S p e c t r a  o f  P o ly a to m ic
M o l e c u l e s . "
Revs.  Mod. P h y s . ,  13,  138-141 (1941) .
Tab le  E of  t h i s  r e f e r e n c e  summarizes t h e  s p e c t r a l  d a t a  on 
o l e f i n i c  hy d ro ca rb o n s  t o  t h i s  d a t e .
(17)  R.S.  M u l l i k e n ,  " S t r u c t u r e  and U l t r a v i o l e t  S p e c t r a  o f  E t h y l e n e ,
B u ta d ie n e ,  and T h e i r  A lky l  D e r i v a t i v e s . "
Revs. Mod. P h y s . ,  14, 265-274 (1942 ) .
M u l l i k e n  no te d  t h a t  the  N -* R band i n  e t h y l e n e  (1745$) i s
p r o g r e s s i v e l y  r e d - s h i f t e d  when methyl  g roups  a r e  s u c c e s s i v e l y
s u b s t i t u t e d  f o r  t h e  f o u r  h y d ro g en s ,  becoming much lower  i n  e n e rg y
t h a n  th e  N -* V. At the  same t ime th e  N -♦ V r e d - s h i f t s ,  b u t  l e s s
r a p i d l y  (X = 1630$ i n  e t h y l e n e ,  1730$ i n  p r o p y l e n e ,  and 1870$ max
i n  t e t r a m e t h y l e t h y l e n e ) . He d e s i g n a t e d  the  v a r i o u s  m o l e c u la r  
e l e c t r o n i c  s t r u c t u r e s  as
N : ----- (x x )^  ; V : ---- (xx) (xx) ; R : ----- ( x x ) ( r ) ,
where (xx) r e f e r s  to  t h e  bonding  tt-MO, ( x x )  t o  th e  a n t i b o n d i n g  
t t * -  M0, and r  i s  a Rydberg o r b i t a l ,  p e rh a p s  e s s e n t i a l l y  a 3s o r b i t a l  
c e n t e r e d  around th e  m id p o in t  o f  the  doub le  bond.  He s t a t e d  t h a t  t h e  
t r i p l e t  l e v e l  w hich  c o r r e s p o n d s  t o  V may be th e  upper  l e v e l  o f  th e  
v e r y  weak a b s o r p t i o n  in  l i q u i d  and s o l u t i o n  p h a s e s  a t  l o n g e r  
w a v e l e n g t h s ,  as  had been a s s i g n e d  by Snow and A l l s o p p .
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He e s t i m a t e d  the  o r b i t  o f  t h e  e l e c t r o n  i n  r  t o  be a t  l e a s t  
3$ so  t h a t  i t  would spend most  o f  i t s  t ime w e l l  o u t s i d e  t h e  H atoms 
i n  e t h y l e n e .  However, c o l l i s i o n  of  th e  r  e l e c t r o n  w i t h  m e thy l  g roups  
cou ld  a c c o u n t  f o r  t h e  d i f f u s e n e s s  o f  t h e  N -* R bands  i n  th e  e t h y l e n i c  
d e r i v a t i o n s .
S ince  i o n i z a t i o n  p o t e n t i a l s  r e f l e c t  th e  te rm  v a l u e  o f  the  
xx-MD and s i n c e  b o t h  N -♦ V and N -+ R t r a n s i t i o n s  occu r  from t h i s  MO, 
he was a b l e  t o  c a l c u l a t e  t e rm  v a l u e s  f o r  xx and r  from obse rved  
t r a n s i t i o n  e n e r g i e s .  I t  was seen  t h a t  t h e  xx t e rm  v a l u e  d e c r e a s e s  
w i t h  me thy l  s u b s t i t u t i o n ,  w he reas  th e  e f f e c t  i s  sm a l l  f o r  t h e  r-MQ.
On th e  b a s i s  o f  an  LCAO-MO c a l c u l a t i o n  on p r o p y l e n e ,  he
conc luded  t h a t  t h e  d e c r e a s e  i n  t h e  xx and xx te rm  v a l u e s  w i t h  i n c r e a s e d  
m e t h y l a t i o n  i s  due m a in ly  t o  cha rge  t r a n s f e r .  T h i s  i n v o l v e s  t h e  
a c c u m u l a t i o n  o f  n e g a t i v e  ch a rg e  on t h e  c e n t r a l  c a rb o n  atoms a t  th e  
expense  of  th e  more e l e c t r o p o s i t i v e  CH^ g r o u p s .  A s m a l l  p o r t i o n  o f  
th e  d e c r e a s e  was a c c o u n te d  f o r  by h y p e r c o n j u g a t i o n  be tween t h e  C=C 
doub le  bond and th e  CH^ g r o u p s .
He t h u s  conc luded  t h a t  th e  r e d - s h i f t  i n  t h e  N -* R on a l k y l  
s u b s t i t u t i o n  i s  due m a in ly  t o  cha rge  t r a n s f e r ;  t h e  r e d - s h i f t  o f  th e  
N -* V can be e x p l a i n e d  by h y p e r c o n j u g a t i o n .
(18)  J . R .  P l a t t  and H.B. K le v e n s ,  " S p e c t r o s c o p y  o f  O rg an ic  M olecu les
i n  t h e  Vacuum U l t r a v i o l e t . "
Revs .  Mod. P h y s . ,  16,  182-223 (1 9 4 4 ) .
T h i s  r e f e r e n c e  summarizes  t h e  a s s i g n m e n t s  g iv e n  the  v a r i o u s
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e l e c t r o n i c  t r a n s i t i o n s  i n  o l e f i n s .  Tab le  I I I  on page 205 r e v i e w s  to  
t h i s  d a t e  a l l  t h e  s p e c t r a l  d a t a  on compounds c o n t a i n i n g  u n co n ju g a te d  
d oub le  bonds .
(19) E .P .  C a r r ,  " E l e c t r o n i c  T r a n s i t i o n s  i n  t h e  Simple U n s a t u r a t e d
H y d ro c a rb o n s . "
Chem. R e v s . ,  41,  293-299 ( 1 9 4 7 ) .
C a r r  found on r e v i e w i n g  t h e  s p e c t r a  o f  c y c l i c  d i e n e s
t h a t  th e  s t r u c t u r e  i n  t h e i r  f i r s t ,  v e r y  weak a b s o r p t i o n  i s  s i m i l a r
t o  th e  s t r u c t u r e  o f  t h e i r  N -* R band .  By a n a l o g y  w i t h  t h i s  sys tem ,
she conc luded  t h a t  t h e  i n i t i a l  weak bands  i n  m o n o - o l e f i n s
(38000 - 30000 cm ^) were a l s o  Rydberg i n  n a t u r e .  The low i n t e n s i t y
i n  com par ison  w i t h  t h e  Rydberg t r a n s i t i o n  cou ld  be e x p l a i n e d  i f  t h i s
lo n g - w a v e l e n g th  t r a n s i t i o n  were  N -♦ T . Thus ,  t h e  e n e r g y  d i f f e r e n c e
between  t h e  N -» R and N -* T sh o u ld  e v a l u a t e  t h e  d i f f e r e n c e  be tween
R
two e l e c t r o n i c  s t a t e s  o f  t h e  ca rb o n  a tom i n  t h e  u n s a t u r a t e d  h y d ro ca rb o n  
m o l e c u l e .  S in c e  t h e  weak bands  a r e  s t r u c t u r e l e s s  i n  t h e  m o n o - o l e f i n s ,  
and s i n c e  th e  N -* R t r a n s i t i o n s  a r e  d i f f u s e l y  s t r u c t u r e d ,  no 
r e f e r e n c e  p o i n t  f o r  f i n d i n g  t h i s  e n e r g y  d i f f e r e n c e  cou ld  be a r r i v e d  
a t  i n  t h e s e  compounds.
(20) J . R .  P l a t t ,  H.B.  E l e v e n s ,  and W.C. P r i c e ,  " A b s o r p t i o n  I n t e n s i t i e s
o f  E t h y l e n e s  and A c e t y l e n e s  i n  t h e  Vacuum U l t r a v i o l e t . "
J .  Chem. P h y s . ,  17,  466-469 ( 1 9 4 9 ) .
T h i s  r e p r e s e n t s  th e  f i r s t  a t t e m p t  a t  d e t e r m i n i n g  a b s o l u t e
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i n t e n s i t i e s  o f  t r a n s i t i o n s  i n  m o n o - o l e f i n s .  T h e i r  d e t e c t i o n  method
was p h o t o g r a p h i c  and in v o l v e d  a p l a t e  c a l i b r a t i o n  t e c h n i q u e .  They
r e p o r t e d  m o la r  e x t i n c t i o n  c o e f f i c i e n t s  f o r  i s o m e r i c  o c t e n e s  and f o r
c y c lo h e x e n e  measured i n  hexane s o l u t i o n s .  For  th e  l a t t e r  t h e y
r e p o r t e d  g = 6600 a t  v = 54900 cm  ̂ f o r  th e  N -♦ V, the  max max ’
t r a n s i t i o n  h av in g  a band w i d t h  o f  8100 cm This  y i e l d e d  an 
f - v a l u e  of  0 .23  ± 0 . 0 5 .
(21)  L.W. P i c k e t t ,  M. Muntz and E.M. McPherson,  "Vacuum U l t r a v i o l e t  
A b s o r p t i o n  S p e c t r a  of  C y c l i c  Compounds. I .  Cyc lohexane ,  
C y c lo h ex en e ,  C y c l o p e n t a n e , C yc lopen tene  and B enze ne ."
J .  Am. Chem. S o c . ,  73, 4862-4865 (1951) .
Th i s  r e f e r e n c e  p r e s e n t s  p h o t o g r a p h i c a l l y  d e t e rm in e d  i n t e n s i t y  
m easurem en ts  on c y c l o p e n t e n e  and c y c l o h e x e n e ,  u s i n g  the  compounds as  
f l o w in g  v a p o r s  to  min im ize  p h o to d e c o m p o s i t i o n .  They d id  not  r e p o r t  
f r e q u e n c i e s  o f  a b s o r p t i o n  s i n c e  t h e i r  v a l u e s  a g r e e  w i t h  p r e v i o u s  
ones  o f  C a r r  and S t u c k l e n .  However, t h e y  p l o t  mola r  e x t i n c t i o n  
c o e f f i c i e n t  v e r s u s  wavenumber and c a l c u l a t e  t h e  f o l l o w i n g  o s c i l l a t o r  
s t r e n g t h s :
S u b s ta n c e  Wavenumber (cm ^) f - v a l u e
Cyclohexene 45600 - 51200 0 .01
51200 - 58100 0 .1 9
58100 - 64300 0 .20
C y c lo p en ten e 47600 - 50000 0 .0 0 4
50000 - 64000 0 .3 2
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They obse rved  t h a t  th e  s p a c in g  on the  i n i t i a l  peak i n  
c y c l o p e n t e n e  o f  130 cm  ̂ r e p r e s e n t s  v i b r a t i o n s  of  the  r i n g .  A 
s p a c i n g  o f  1485 cm ^ i n  c y c lo h ex en e  p r o b a b l y  c o r r e s p o n d s  to  t h e  
d o u b le  bond s t r e t c h i n g  f r e q u e n c y  o f  1650 cm  ̂ o bse rved  i n  th e  
g round  s t a t e  th ro u g h  Raman and i n f r a r e d  measurem ents .
(22) J . T .  Gary and L.W. P i c k e t t t ,  "The F a r  U l t r a v i o l e t  A b s o r p t i o n  
S p e c t r a  of  th e  I s o m e r i c  B u t e n e s . "
J .  Chem. P h y s . ,  22, 599-602 (1 9 5 4 ) .
A p h o t o g r a p h i c  v ap o r  a b s o r p t i o n  s tu d y  of f o u r  i s o m e r i c  
b u t e n e s  y i e l d e d  th e  f o l l o w i n g  f - v a l u e s  i n  t h e  ra n g e  45000 t o  64000 cm ^ : 
b u t e n e - 1 ,  0 . 3 9 ;  c i s - b u t e n e - 2 ,  0 . 5 9 ;  t r a n s - b u t e n e - 2 ,  0 . 3 2 ;  and
i s o b u t e n e ,  0 . 3 9 .  The p o s i t i o n  o f  t h e  f i r s t  Rydberg band was found
- 1  - 1  -1t o  be 53390 cm f o r  b u t e n e - 1 ,  49750 cm f o r  i s o b u t e n e ,  49470 cm
f o r  t r a n s - b u t e n e - 2 ,  and 48400 cm * f o r  c i s - b u t e n e - 2 .  T h i s  s u p p o r t s
e a r l i e r  f i n d i n g s  t h a t  th e  p o s i t i o n  depends  on th e  number o f  a l k y l
g ro u p s  s u b s t i t u t e d  on doub le -bonded  c a r b o n s .
However,  t h e  p o s i t i o n  o f  maximum a b s o r p t i o n  e x h i b i t s  no
such  r u l e .  I s o b u t e n e  e x h i b i t e d  maximum a b s o r p t i o n  a t  53100 cm \
t r a n s - b u t e n e - 2  a t  56270 cm ^ ; b u t  b u t e n e - 1  and c i s - b u t e n e - 2  showed
h i g h e s t  m ola r  e x t i n c t i o n  c o e f f i c i e n t s  a t  57100 and 57000 cm \
r e s p e c t i v e l y ,  a l t h o u g h  the  band c e n t e r  ap p e a re d  t o  be p e rh a p s
200 cm ^ l a r g e r .
They no ted  t h a t  t h e s e  p o s i t i o n s  depend on th e  m o l e c u la r
shape  and seem r e l a t e d  t o  t h e  ground s t a t e  d i p o l e  moment v e c t o r .
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B u te n e -1  and c i s - b u t e n e - 2  have d i p o l e  moments p e r p e n d i c u l a r  t o  the  
d o u b le  bond and a r e  a t  r e l a t i v e l y  h ig h  e n e r g i e s .  t r a n s - B u t e n e - 2  
has  a z e r o  d i p o l e  moment and l i e s  a t  a lower  en e rg y .  I s o b u t e n e ,  
h a v i n g  a d i p o l e  moment a l o n g  th e  doub le  bond,  has  i t s  maximum a t  
a s t i l l  lower  e n e r g y .
No v i b r a t i o n a l  a n a l y s i s  was p o s s i b l e  a l t h o u g h  a l l  the  
s p e c t r a  show p r o m i n e n t l y  a s e p a r a t i o n  n e a r  1500 cm  ̂ which  i s  c e r t a i n l y  
due t o  C = C s t r e t c h .  I t  was no ted  t h a t  t h e s e  bands  i n  c i s - b u t e n e - 2  
a r e  e s p e c i a l l y  sha rp en ed  on c o o l i n g  t h e  v ap o r  t o  -80°C.
(23)  D. Semenow, A . J .  H a r r i s o n ,  and E .P .  C a r r ,  " A b s o r p t i o n  I n t e n s i t i e s  
o f  th e  I s o m e r i c  P e n te n e s  i n  t h e  Vacuum U l t r a v i o l e t . "
J .  Chem. P h y s . ,  22,  638-642 (1954 ) .
A p h o t o g r a p h i c  s t u d y  o f  t h e  a b s o l u t e  a b s o r p t i o n  i n t e n s i t i e s  
o f  i s o m e r i c  p e n t e n e  v a p o r s  i n  th e  range  45000 - 65000 cm  ̂ y i e l d e d  
t h e  f o l l o w i n g  r e s u l t s .
Compound Maximum o f  N -* V F i r s t  N -» R Band
ev lo g  g ev lo g  g
1 -p e n te n e  7 .01  4 .1 9  6 .57  3*59
3 - m e t h y l - 1 - b u t e n e  7 .03  4 .1 2  6 .5 3  3 .39
c i s - 2 - p e n t e n e  7 .01  4 . 2 2  6 .05  2 .93
t r a n s - 2 - p e n t e n e  6 .8 8  4 .1 3  6 .17  3 .1 0
2 - m e t h y l - l - b u t e n e  6 .60  4 .05  6 .17  3 .4 2
t r i m e t h y l e t h y l e n e  7 .01  4 . 0 2  5 .6 5  2 .16
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Th is  t a b l e  r e v e a l s  t h a t  t h e  p o s i t i o n  o f  t h e  N -♦ V maximum 
does  no t  depend on t h e  number o f  a l k y l  s u b s t i t u e n t s .  Thus i t  
can n o t  be e x p l a i n e d  on th e  b a s i s  o f  h y p e r c o n j u g a t i o n  a s  M u l l ik en  
has  supposed .  I t  seems t o  depend more s t r o n g l y  on t h e  m o l e c u la r  
shape a s  p r e v i o u s l y  r e p o r t e d  f o r  i s o m e r i c  b u t e n e s .  The p o s i t i o n  
of  t h e  N -* R band a g a i n  a p p e a r s  t o  depend o n l y  on th e  number of  
a l k y l  s u b s t i t u e n t s .
T h e i r  r e p o r t e d  f - v a l u e s  a r e :
_ i
Compound Wavenumber (cm ) f - v a l u e
c i s - 2 - p e n t e n e 53360 - 61700 0 .45
t r i m e t h y l e t h y l e n e 50690 - 63850 0 . 4 4
1 -p e n te n e 54000 - 60730 0 .3 8
3 - m e t h y l - l - b u t e n e 54250 - 62850 0 .3 8
t r a n s - 2 - p e n t e  ne 52880 - 59750 0 .3 2
2 - m e t h y l - 1 - b u t e n e 51200 - 58350 0 .2 6
(24) J . T .  Gary and L.W. P i c k e t t ,  "The F a r  U l t r a v i o l e t  A b s o r p t i o n
S p e c t r a  o f  S e l e c t e d  I s o m e r i c  H e x e n e s . "
J .  Chem. P h y s . ,  22, 1266-2167 (1 9 5 4 ) .
I t  was a g a i n  found t h a t  t h e  maximum o f  t h e  N -» V depended 
n o t  on t h e  number o f  a l k y l  s u b s t i t u e n t s ,  b u t  on t h e  d i p o l e  moment 
v e c t o r  of  t h e  m o l e c u le .  T r i m e t h y l e t h y l e n e ,  h a v in g  a z e r o  v e c t o r ,  
shows a band maximum a t  53500 cm  ̂ ( f = 0 . 3 3 ) .  Hexane-1  and c i s - 3 -  
hex an e ,  h a v in g  a moment p e r p e n d i c u l a r  t o  t h e  d o u b le  bond,  have
78
a b s o r p t i o n  maxima a t  55900 ( f = 0 . 4 8 )  and 56110 ( f = 0 . 3 4 ) ,  r e s p e c t i v e l y .  
2 , 3 - D i m e t h y l - l - b u t e n e ,  w i t h  a v e c t o r  a lo n g  the  doub le  bond,  a b s o r b s  
a t  lower  e n e r g i e s  w i t h  vmax = 53 ,200  cm ^ ( f = 0 . 4 0 ) .
(25 )  W .J .  P o t t s ,  J r . ,  "Low-Tempera ture  A b s o r p t i o n  S p e c t r a  of  S e l e c t e d
O l e f i n s  i n  t h e  F a r t h e r  U l t r a v i o l e t  R e g i o n . "
J .  Chem. P h y s . ,  23,  65-72 (1 9 5 5 ) .
The a b s o r p t i o n  s p e c t r a  of  t e t r a m e t h y l e t h y l e n e , 
t r i m e t h y l e t h y l e n e ,  c y c l o h e x e n e ,  and h exene -1  were  o bse rved  i n  s o l u t i o n s  
o f  3 - m e t h y l p e n t a n e - i s o p e n t a n e  a t  room t e m p e r a t u r e ,  and i n  a r i g i d  
h y d ro c a rb o n  g l a s s  ( s i x  p a r t s  i s o p e n t a n e ,  3 p a r t s  3 -m e t h y lp e n t a n e )  
a t  77°K. The s t r u c t u r e d  N -* R bands  a r e  n o t  found i n  t h e s e  s p e c t r a ,  
p re s u m ab ly  b e c a u se  th e  l a r g e  Rydberg o r b i t a l  i s  g r e a t l y  p e r t u r b e d  
by s o l v e n t  m o l e c u l e s .  I n s t e a d  a ' t e d  s h o u l d e r "  a p p e a r s  on th e  N -* V 
t r a n s i t i o n  a t  room t e m p e r a t u r e ,  b u t  n o t  a t  low t e m p e r a t u r e .  T h i s  
i s  e x p l a i n e d  as  r e s u l t i n g  from t h e  f a c t  t h a t  t h e  p o t e n t i a l  c u rv e s  f o r  
t w i s t  a b o u t  t h e  doub le  bond i n  t h e  ground and e x c i t e d  s t a t e s  have 
s l o p e s  o f  o p p o s i t e  s i g n .
A w eaker  a b s o r p t i o n ,  p a r t i a l l y  masked a t  room t e m p e r a t u r e  
by th e  t a i l  of  th e  " r e d  s h o u l d e r "  on th e  N -*■ V, i s  c l e a r l y  s e e n  a t  
77°K i n  t h e  r e g i o n  40000 - 48000 cm ^  I t  i s  a s s i g n e d  a s  N -* T 
on t h e  b a s i s  o f  i t s  a n a l o g y  t o  t h e  N -* V t r a n s i t i o n  i n  p o s i t i o n ,  
e x t i n c t i o n  c o e f f i c i e n t  ans  o s c i l l a t o r  s t r e n g t h .  The f o l l o w i n g
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d a t a  i s  p r e s e n t e d  f o r t h i s  N -* T (? )  t r a n s i t i o n :
M olecule T e t r a m e t h y l e t h y l e n e T r i m e t h y l e t h y l e n e Cyclohexene
C e n t e r  o f  N-»T 43800 cm ^ 44200 -1cm 44000 cm ^
Average e 2 . 5 ±  0 . 5 0 , 6  ±: 0 . 1 1 . 0  ± 0 . 2
f -number 4 . 2  ±: l .O x lO "5 1 . 0  ± 0 . 5 x l 0 "5 2 . 7 ± 0 . 8 x l 0 "5
A ls o  p r e s e n t e d i s  th e f o l l o w i n g  d a t a  on the N -* V t r a n s i t i o n :
M olecu le T e t r a m e t h y l e t h y l e n e T r i m e t h y l e t h y l e n e Cyclohexene
Tem pera tu re 298°K 77°K 298°K 77°K 298°K 77°K
v (±500cm"1) )  52250 max ' 53750 53000 54000 54750 55500
e 10000 10500 5800 5600 6800 6800max (±700) (±900) (±700) (±900) (±700)(±900)
f-number 0 .4 5
(± 0 . 10 )
0 . 3 4
(± 0 .0 9 )
0 .3 8




(± 0 .0 8 )
P o t t s  looked f o r  e m i s s i o n  from t e t r a m e t h y l e t h y l e n e ,  b u t  found 
none .  He s u g g e s t e d  t h a t  c y c lo h e x e n e  m igh t  be a more l i k e l y  c a n d i d a t e  
t o  p h o s p h o re s c e  s i n c e  i t  c a n n o t  l o s e  e x c i t a t i o n  by r a d i a t i o n l e s s l y  
t w i s t i n g  w i t h o u t  b r e a k i n g  a C-C bond.
(26)  S. S to k e s  and L.W. P i c k e t t t ,  " A b s o r p t i o n  o f  B ic y c l o h e p t a n e  and 
B i c y c l o h e p t e n e  i n  t h e  Vacuum U l t r a v i o l e t . "
J .  Chem. P h y s . ,  23,  258-260 (1955)
The v ap o r  s p e c t ru m  o f  b i c y c l o h e p t e n e  ( n o r b o r n e n e )  was r e p o r t e d
-1i n  t h e  r e g i o n  45000 t o  65000 cm I t  i s  d i f f e r e n t  from th e  a b s o r p t i o n
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o f  o t h e r  o l e f i n s  i n  t h a t  two q u i t e  d i s t i n c t  and e q u a l l y  i n t e n s e  
bands  a p p e a r  i n s t e a d  o f  t h e  normal N -♦ R s t r u c t u r e d  peak o v e r l a p p e d  
by t h e  s t r o n g e r  N -* V. The f i r s t  obse rved  a b s o r p t i o n  has  i t s  
maximum a t  51125 cm t h e  second a t  59 ,715  cm Both have an 
o s c i l l a t o r  s t r e n g t h  o f  0 . 1 5 .
(27 )  L.C.  J o n e s ,  J r .  and L.W. T a y l o r ,  "F a r  U l t r a v i o l e t  A b s o r p t io n  
S p e c t r a  o f  U n s a t u r a t e d  and A rom at ic  H y d ro c a rb o n s . "
A n a l y t i c a l  C h e m is t ry ,  27,  228-237 (1955 ) .
These a u t h o r s  p r e s e n t  th e  a b s o r p t i o n  s p e c t r a  o f  69 
h y d r o c a r b o n s  i n  t h e  range  1700 t o  2300&. They d e t e rm in e d  i n t e n s i t i e s  
p h o t o e l e c t r i c a l l y  and compared them w i t h  t h e  p r e v i o u s  p h o t o g r a p h i c a l l y  
d e t e r m in e d  v a l u e s .  They r e p o r t e d :
Compound S t a t e W aveleng th c*> Molar A b s o r p t i v i t y
P ro p y le n e V ~1730 ~ 1 1,500
c i s - 2 - B u t e n e V 1740 16,000
t r a n s - 2 - B u t e n e V 1780 13,000
I s o b u t e n e V 1882 11 ,300
T r i m e t h y l e t h y l e n e V 1775 1 1 , 0 0 0
T e t r a m e t h y l e t h y l e n e V 1870 15,600
C y c lo p e n te n e V 1828 13,600
Cyclohexene V 1755 8 , 0 0 0
I n  g e n e r a l , t h e i r  i n t e n s i t y  d a t a  i s  a bou t 12% h i g h e r  t h a n
t h e  p r e v i o u s  p h o t o g r a p h i c  v a l u e s  r e p o r t e d .
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(28) B.B. L o e f f l e r ,  E. E b e r l i n ,  and L.W. P i c k e t t ,  "F a r  U l t r a v i o l e t
A b s o r p t i o n  S p e c t r a  o f  Small  Ring H y d r o c a r b o n s . "
J .  Chem. P h y s . ,  28,  345-347 (1 9 5 8 ) .
These w o rk e r s  r e p o r t e d  the  molar  e x t i n c t i o n  c o e f f i c i e n t s  
f o r  t h e  f a r  u l t r a v i o l e t  a b s o r p t i o n  o f  c y c l o b u t e n e ,  1- m e t h y l c y c l o b u t e n e , 
and m e t h y l e n e c y c l o b u t a n e . F o r  the  N -> V t r a n s i t i o n  t h e y  r e p o r t e d  
t h e  f o l l o w i n g :
Compound Wavenumber r a n g e  (cm 'S Band Max (cm ^) _f
c y c l o b u t e n e  51000 - 61150 56700 0 .2 8
m e th y le n e c y c lo b u t a n e  47500 - 56900 57000 0 .29
1 - m e t h y l c y c l o b u t e n e  48500 - 58450 56500 0 .2 9
Once a g a i n  t h e y  o b s e rv e d  t h a t  t h e  p o s i t i o n  o f  t h e  N -♦ R
t r a n s i t i o n  seems d e p e n d e n t  o n ly  on th e  number o f  a l k y l  g ro u p s  
a t t a c h e d  t o  t h e  d o u b le  bond ,  w h e th e r  c y c l i c  o r  a c y c l i c .  The N -* V 
band maximum a p p e a r s  t o  depend s t r o n g l y  on t h e  d i p o l e  moment v e c t o r  
o f  t h e  m o le c u le  a s  p r e v i o u s l y  r e p o r t e d  i n  a c y c l i c  m o n o - o l e f i n s .
(29) J .A .R .  Samson,  F . F .  Marmo, and K. W atanabe ,  " A b s o r p t i o n  and
P h o t o i o n i z a t i o n  C o e f f i c i e n t s  o f  P r o p y l e n e  and B u te n e -1  
i n  t h e  Vacuum U l t r a v i o l e t . "
J .  Chem. P h y s . ,  36 ,  783-786 (1 9 6 2 ) .
A b s o r p t i o n  and p h o t o i o n i z a t i o n  c o e f f i c i e n t s  o f  p r o p y l e n e  
v a p o r  were  measured  p h o t o e l e c t r i c a l l y  i n  t h e  r e g i o n  1050 - 2000&.
Two Rydberg s e r i e s  were o b s e rv ed  i n  p r o p y l e n e  y i e l d i n g  s e r i e s  l i m i t s  
o f  9 . 7 4  and 9 . 8 0  ev .  P h o t o i o n i z a t i o n  c u r v e s  y i e l d e d  i o n i z a t i o n
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p o t e n t i a l s  o f  9 . 7 3  and 9 . 8 0  ev .
(30) R.S.  B e r r y ,  Analog  o f  n -* Tt* T r a n s i t i o n s  i n  M o n o - o l e f i n s . "
J .  Chem. P h y s . ,  38,  1934-1938 (1 9 6 4 ) .
R eason ing  by a n a l o g y  w i t h  t h e  n: -* n* t r a n s i t i o n  o f  fo rm a ld e h y d e ,  
B e r r y  a s s i g n e d  a t r a n s i t i o n  o f  6 . 5  ev i n  e t h y l e n e  a s  a - *  n*.  L a t e r  
e x p e r i m e n t a l  e v i d e n c e  i n d i c a t e s  such  a t r a n s i t i o n  does  n o t  e x i s t  
( s e e  C h a p te r  1 - 2 8 ) .  T h i s  t r a n s i t i o n ,  he s a i d ,  c o r r e s p o n d e d  t o  th e  
weak a b s o r p t i o n  i n  a l k y l a t e d  e t h y l e n e s  a t  230oS ( som et im es  2500X) 
t o  t h e  o n s e t  o f  s t r o n g e r  a b s o r p t i o n  a round  2100^.  I t  seems he was 
r e f e r r i n g  t o  t h e  weak a b s o r p t i o n  o b s e rv e d  i n  l i q u i d  and s o l u t i o n  
p h a s e s  i n  th e  q u a r t z  r e g i o n .  However, t h i s  t r a n s i t i o n  b e g i n s  a t  
X «  3300$ i n  t e t r a m e t h y l e t h y l e n e .  His  r e f e r e n c e  t o  the  f a c t  t h a t  
some s t r u c t u r e  has  been  o b s e rv e d  on t h e s e  bands  i n  t h e  v a p o r  phase  
seems t o  i n d i c a t e  he was r e f e r r i n g  t o  t h e  N -* R band .  I t  seems 
n a t u r a l  t h a t  some c o n f u s i o n  would d e v e l o p  l a t e r  a s  t o  e x a c t l y  which  
band he a s  c a l l i n g  a  -♦ n*.
(31)  D .F .  E vans ,  " E f f e c t  o f  N i t r o g e n  Under P r e s s u r e  on t h e
Rydberg S p e c t r a  of  P o l y a t o m i c  M o le c u l e s ;  t h e  N a tu re  
o f  t h e  L o n g -w a v e le n g th  O l e f i n  Band ."
P r o c .  Roy. Soc.  (L ondon) ,  1963,  378-379 .
Evans ,  t h i n k i n g  B e r ry  had a s s i g n e d  a s  a  -* n* t h e  bands  
p r e v i o u s l y  t h o u g h t  t o  be tt -* R, o b t a i n e d  th e  v a p o r  s p e c t r a  of
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c y c l o h e x e n e  and t e t r a m e t h y l e t h y l e n e  i n  t h e  p r e s e n c e  o f  133 a tm o s p h e re s  
o f  n i t r o g e n .  The e f f e c t  o f  such  a h i g h  p r e s s u r e  o f  i n e r t  gas  was t o  
c a u s e  b r o a d e n i n g  and a w as h in g  o u t  o f  s t r u c t u r e  i n  t h e  r e g i o n  
2400 - 2100$.  Th i s  i s  t h e  e f f e c t  one would e x p e c t  i f  t h e  upper  s t a t e  
o f  t h e  t r a n s i t i o n  i s  a l a r g e  Rydberg o r b i t a l ,  p r o b a b l y  3 s .
(32 )  M.B. Robin ,  R.R.  H a r t ,  and N.A. K u e b l e r ,  "Ass ignment o f  t h e
M ys te ry  Band o f  O l e f i n s . "
J .  Chem. P h y s . ,  44,  1803-1811 (1 9 6 6 ) .
These a u t h o r s  a l s o  m i s u n d e r s t o o d  B e r r y ' s  a s s ig n m e n t  and 
gave t h e  name " m y s te r y  band"  t o  t h e  s t r u c t u r e d  a b s o r p t i o n  i n  th e  
r e g i o n  2300. - 2100$.  They a s s i g n e d  i t  a s  an  a n t i - B e r r y  tt -♦ a* 
t r a n s i t i o n  on th e  b a s i s  o f  a Gaussian -AO c o m p u ta t i o n  on e t h y l e n e  
(See C h a p te r  1 - 3 3 ) .  Because  t h e i r  b a s i s  s e t  was G a u s s i a n , t h e y  were 
u n a b le  t o  d i s t i n g u i s h  w e l l  be tw een  v a l e n c e - s h e l l  and Rydberg c h a r a c t e r  
i n  t h e i r  a*-M0. They assumed i t  was m a i n l y  CH* a n t i b o n d i n g  w i t h  
c o n s i d e r a b l e  n;s Rydberg c h a r a c t e r .  T h i s  prompted them t o  a d i s c u s s i o n  
o f  w h e th e r  t h e  commonly h e l d  i d e a  o f  crTT s e p a r a b i l i t y  i s  a v a l i d  one .
(33)  P .A .  C l a r k ,  " E l e c t r o n i c  T r a n s i t i o n s  i n  M e t h y l - S u b s t i t u t e d
E t h y l e n e s . "
J .  Chem. P h y s . ,  48 ,  4795-4796  ( 1 9 6 8 ) .
C l a r k  p e r fo rm e d  CND0-M0 c o m p u ta t i o n s  on t h e  s e r i e s  o f  
m e t h y l - s u b s t i t u t e d  e h t y l e n e s ,  b u t  d id  n o t  i n c l u d e  th e  3s-A0 i n  h e r  
b a s i s - s e t .  The s h i f t  i n  p r e d i c t e d  e n e r g i e s  f o r  t h e  rr -* a*  t r a n s i t i o n
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on i n c r e a s e d  m e t h y l a t i o n  a p p r o x i m a t e l y  p a r a l l e l e d  the  o bse rved  
s h i f t  f o r  th e  R *- N b a n d s .  However,  a b s o l u t e  v a l u e s  were i n  poor  
a g r e e m e n t .  She n o te d  t h a t  one would e x p e c t  th e  rr -» a *  ( v a l e n c e - s h e l l )  
and tt -» Rydberg e x c i t a t i o n  e n e r g i e s  t o  have the  same s l o p e  when 
p l o t t e d  v e r s u s  t h e  number o f  a l k y l  g ro u p s .
(34) M.B. Robin ,  H. Basch ,  N.A. K u e b le r ,  B.E.  Kaplan  and J .  Meinwald,  
"A ss ignm en ts  i n  t h e  U l t r a v i o l e t  S p e c t r a  o f  O l e f i n s . "
J .  Chem. P h y s . ,  48 ,  5037-5047 (1 9 6 8 ) .
These a u t h o r s  were a b l e  t o  d i s t i n g u i s h  between v a l e n c e - s h e l l  
and Rydberg c o n t r i b u t i o n s  t o  t h e i r  MO's o f  e t h y l e n e  by u s in g  an 
i n d i r e c t  SCF c a l c u l a t i o n  i n  a G a u s s i a n  b a s i s  (See C hap te r  1 - 4 2 ) .
They d e t e r m in e d  t h a t  th e  l o w - l y i n g  tt -* a* e x c i t a t i o n s  a r e  Rydberg i n  
n a t u r e ;  t h e  l o w - l y i n g  cr -* n* e x c i t a t i o n s  s t r i c t l y  v a l e n c e  s h e l l .
They t h u s  a g r e e  w i t h  t h e  o r i g i n a l  a s s ig n m e n t  of  C a r r  and S tU ck len ,
N -* R ( 3 s ) ,  f o r  t h e  a b s o r p t i o n  j u s t  below th e  N -* V i n  s im ple  o l e f i n s .
They f u r t h e r  r e p o r t  t h e  v ap o r  a b s o r p t i o n  sp ec t ru m  o f  
t r i c y c l o [ 3 . 3 . 0 . 0 ] o c t - 3 - e n e  (TCO) t o  have t h r e e  d i s t i n c t  e l e c t r o n i c  
t r a n s i t i o n s  below th e  tt -* ti*, w i t h  band maxima a t  a b o u t  48000,  55000,
- I
and 64000 cm . A l l  t h r e e  peaks  have q u i t e  shai.p v i b r a t i o n a l  s t r u c t u r e .  
The second  and t h i r d  t r a n s i t i o n s  d i s a p p e a r  i n  t h e  s p e c t ru m  o f  a 
p o l y c r y s t a l l i n e  TCO f i l m ,  l e a v i n g  t h e  lo w es t  t r a n s i t i o n  (~48000) 
c l e a r i y  o b s e r v a b l e .  T h i s  l o w e s t  t r a n s i t i o n  a p p e a r s  t o  be v a l e n c e - s h e l l  
in c h a r a c t e r ,  e i t h e r  a  n* or tt -* o*.
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They c onc lude  t h a t  i n  s im p le  o l e f i n s ,  Rydberg t t  - *  a*  
e x c i t a t i o n s  w i l l f be l o w e s t ,  b u t  i n  more s t r a i n e d  o l e f i n s ,  a l o w - l y i n g  
v a l e n c e - s h e l l  t r a n s i t i o n  i s  n e a r l y  d e g e n e r a t e  w i t h ,  o r  f a l l s  be low,  
t h e  l o w e s t  Rydberg.
(35)  M. Y a r i s ,  A. Moscowitz ,  and R.S .  B e r r y ,  "Low-Lying E x c i t e d
S t a t e s  o f  M o n o - o l e f i n s , "
J .  Chem. P h y s . ,  49 ,  3150-3160 (1 9 6 8 ) .
T h i s  r e f e r e n c e  p r e s e n t s  c o m p u ta t i o n s  on e t h y l e n e  and 
t r a n s - c y c l o - o c t e n e  (See  C h a p te r  1 - 4 4 ) .  The a u t h o r s  r e p o r t  t h a t  t h r e e  
l o w - l y i p g  t r a n s i t i o n s  a r e  needed t o  e x p l a i n  e x p e r i m e n t a l  d a t a :
a .  tt —♦ Tf* ~ r e s p o n s i b l e  f o r  t h e  s t r o n g ,  o l e f i n i c
4
a b s o r p t i o n  ( e ~  10 ) .
b .  tt -♦ 3s Rydberg - r e s p o n s i b l e  f o r  the  o l e f i n  band
w i t h  e a* 10^.
c .  tt -* a * ,  3p Rydberg - a c c o u n t i n g  f o r  a l o w - l y i n g  
e l e c t r i c  q u a d r u p o l e - a l l o w e d  t r a n s i t i o n  o b s e rv ed  i n  t h e  o p t i c a l  
r o t a t o r y  p r o p e r t i e s  o f  t h e  t w i s t e d  d o u b le  bond.
(36) A . J .  Merer  and R.S.  M u l l i k e n ,  " U l t r a v i o l e t  S p e c t r a  and E x c i t e d
S t a t e s  o f  E t h y le n e  and I t s  A lk y l  D e r i v a t i v e s , "
To be p u b l i s h e d .
P r o f e s s o r  M u l l i k e n 1s r ev ie w  o f  t h e  s u b j e c t  i s  an  e x c e l l e n t  
one .  He comments on t h e  c o n f u s i o n  w h ich  has  r e s u l t e d  f rom R o b i n ' s  
m i s i n t e r p r e t a t i o n  o f  B e r r y ' s  o r i g i n a l  a s s i g n m e n t .  See C h ap te r  1-45 
f o r  f u r t h e r  comments.
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SUMMARY: The e l e c t r o n i c  t r a n s i t i o n s  which  have been  e x p e r i m e n t a l l y
o b s e rv e d  i n  a l k y l  s u b s t i t u t e d  e t h y l e n e s  and c y c l i c  o l e f i n s  a r e  th e  
f o l l o w i n g :
a .  A b r o a d ,  i n t e n s e  a b s o r p t i o n  i n  t h e  r ange  6 . 5  - 7 . 5  ev
4
w i t h  an  f - v a l u e  o f  ~ 0 .3 0  (g = 10 ) .  T h i s  i s  g e n e r a l l y  a s s i g n e d  as  th e  
N -* V ( l o w e s t  tt -* n*) t r a n s i t i o n .
b .  A m o d e r a t e l y  i n t e n s e ,  d i f f u s e l y  s t r u c t u r e d  band i n  th e
3
r a n g e  5 - 7 ev  w i t h  a n  f - v a l u e  o f  ~ 0 .01  (g = 10 ) .  Th i s  a p p e a r s  t o  
be N ■-* R(3s)  a s  o r i g i n a l l y  a s s i g n e d  by C a r r  and S t t i c k le n .
c .  A v e r y  weak,  s t r u c t u r e l e s s  band ( l o g  g = - 2 . 0 )  
o b s e r v a b l e  o n l y  i n  t h e  l i q u i d  p h ase  a t  4 - 5 ev .  T h i s  i s  t h o u g h t
t o  be t r i p l e t  i n  n a t u r e  and was a s s i g n e d  a s  N -* T by C a r r  and P o t t s .  
M u l l i k e n  f e e l s  i t  cou ld  p o s s i b l y  be N -* T^*
d .  An e l e c t r i c - d i p o l e  f o r b i d d e n ,  e l e c t r i c - q u a d r u p o l e  
a l l o w e d  t r a n s i t i o n  i n  t h e  r e g i o n  6 - 6 . 5  ev f o r  a t w i s t e d  d o u b le  
bond .  T h i s  was a s s i g n e d  by B e r r y  a s  tt -» a * (3 p )  Rydberg.
e .  Sharp  Rydberg  s e r i e s  a t  h i g h e r  e n e r g i e s ,  a s  y e t  
u n a s s i g n e d .
The s p e c t r a  s h o u ld  e x h i b i t  two s i n g l e t - t r i p l e t  bands ,  
t h e  N -♦ T and t h e  N -♦ TD. The weak a b s o r p t i o n  a t  4 - 5 ev may 
c o r r e s p o n d  t o  one o f  t h e s e  two p o s s i b i l i t i e s .  No e m i s s i o n  has  y e t  
b e e n  o b s e rv e d  f rom s im p le  o l e f i n s  t o  c o n f i r m  th e  t r i p l e t  n a t u r e  o f  
t h i s  weak band .
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I t  has  been  shown by Robin t h a t  more c o m p l i c a t e d  m o n o - o l e f i n s ,  
e s p e c i a l l y  t h o s e  h a v in g  much a - s t r a i n ,  e x h i b i t  t r a n s i t i o n s  t o  t h e  r ed  
or  t h e  N -* V which  i n c l u d e  b o t h  Rydberg and v a l e n c e - s h e l l  t y p e s .
The s h i f t s  t h a t  a r e  o b s e r v a b l e  on a p pend ing  m ethy l  g roups  
t o  e t h y l e n e  a r e  a s  f o l l o w s :
a .  The i o n i z a t i o n  p o t e n t i a l  s h i f t s  from 10 .5  ev i n  e t h y l e n e  
t o  8 . 3  ev i n  t e t r a m e t h y l e t h y l e n e .  T h i s ,  says  M u l l ik e n  and P r i c e ,  i s  
due t o  n e g a t i v e  ch a rg e  t r a n s f e r  from the  m e th y l s  t o  th e  do u b le -b o n d e d  
c a r b o n s .
b .  The N -* R t r a n s i t i o n  i s  r e d - s h i f t e d  from 7 .1  ev t o  
~ 5 . 4  e v . w i t h  i n c r e a s e d  m e t h y l a t i o n .  Th i s  s h i f t  seems dep en d e n t  o n ly  
on t h e  number o f  a l k y l  s u b s t i t u e n t s  and n o t  on t h e i r  n a t u r e  o r  
a r r a n g m e n t  a b o u t  t h e  doub le  bond .  I t ,  t o o ,  i s  t h o u g h t  t o  r e s u l t  
from the  ch a rg e  t r a n s f e r  mechanism.
c .  The N -* V t r a n s i t i o n  i s  r e d - s h i f t e d  l e s s  t h a n  th e  
N -* R on m e t h y l a t i o n ,  from 7 . 6  ev i n  e t h y l e n e  t o  ~ 6 .5  ev i n  
t e t r a m e t h y l e t h y l e n e .  M u l l ik e n  s a y s  t h i s  i s  e x p l i c a b l e  c o m p l e t e l y  
on th e  b a s i s  o f  h y p e r c o n j u g a t i o n .  C a r r ,  Gary and P i c k e t t ,  however ,
i n  s t u d y i n g  i s o m e r i c  b u t e n e s ,  p e n t e n e s  and h e x e n e s ,  f i n d  t h e  t r a n s i t i o n  
e n e rg y  t o  depend on t h e  m o l e c u l a r  geometry  and d i p o l e  moment o f  t h e  
m o l e c u l e .
d .  The weak bands  i n  t h e  l i q u i d  may o r  may n o t  c o r r e s p o n d
t o  t h e  N -» T a t  ^ 4 . 4  ev i n  e t h y l e n e .  They s h i f t  f rom 4 . 8  ev i n  o l e f i n s  
o f  t h e  form RHC = C ^  t o  3 .7  ev i n  o l e f i n s  o f  the  form R^C = CR£.
CHAPTER I I I
COMPUTATIONS
(A) D e s c r i p t i o n  o f  t h e  C o m p u ta t i o n a l  M e th o d s : These o n e - e l e c t r o n
c a l c u l a t i o n s  were  done on t h e  ground s t a t e  c o n f i g u r a t i o n s  o f  th e
v a r i o u s  m o l e c u le s  w i t h i n  t h e  f ramework o f  t h e  M u l l i k e n - W o l f s b e r g -
Helmholz method .  T h i s  s e c t i o n  g i v e s  o n ly  a b r i e f  d e s c r i p t i o n  o f
1-8t h e  method w hich  has  been  d e s c r i b e d  i n  d e t a i l  e l s e w h e r e  and
a p p l i e d  t o  a v a r i e t y  o f  s y s t e m s ,  m a in ly  i n o r g a n i c s .  I t  i s  our
c o n t e n t i o n  t h a t  much c o n f u s i o n  has  d e v e lo p e d  b e c a u s e  s e m i e m p i r i c a l
c a l c u l a t i o n s  have been  done on e t h y l e n e  and t h e  r e s u l t s  e x t r a p o l a t e d
t o  l a r g e r  o l e f i n s .  We f e e l  t h a t  t h e  r e s u l t s  o f  a c o m p u ta t i o n  on one
m o le c u le  s e r v e  o n l y  a s  a s u g g e s t i o n  f o r  a s s i g n m e n t s  i n  t h a t  one
m o l e c u l e ,  t h e s e  a s s i g n m e n t s  b e i n g  s u b j e c t  t o  e x p e r i m e n t a l  v e r i f i c a t i o n .
I t  i s  ou r  f u r t h e r  c o n t e n t i o n  t h a t  a s e m i e m p i r i c a l  i n v e s t i g a t i o n
o f  t r e n d s  i n  a s e r i e s  o f  m o n o - o l e f i n i c  compounds, i n v o l v i n g  t h e  same
a p p r o x i m a t i o n s  t h r o u g h o u t  t h e  s e r i e s ,  m igh t  have more meaning and
s h o u ld  be h e l p f u l  i n  f i x i n g  d e f i n i t e  a s s i g n m e n t s  t o  o b s e rv ed
t r a n s i t i o n s .  The f i r s t  s e r i e s  we chose  t o  i n v e s t i g a t e  i s  t h e  same
11-33one s t u d i e d  by C l a r k  - - t h e  m e th y l  s u b s t i t u t e d  e t h y l e n e s .  T h i s  
c h o i c e  seems a l o g i c a l  one s i n c e  more s p e c t r o s c o p i c  d a t a  e x i s t  i n  
t h e  l i t e r a t u r e  f o r  t h i s  s e r i e s  o f  m o n o - o l e f i n : s : t h a n  f o r  any  o t h e r .
These d a t a  d e m o n s t r a t e  q u i t e  c l e a r l y  t h e  e x i s t e n c e  o f  t r a n s i t i o n s  
lower  i n  e n e r g y  t h a n  t h e  tt -* Tt*. I t  i s  known t h a t  a s  one i n c r e a s e s  
t h e  number o f  m e thy l  g roups  i n  t h e  s e r i e s ,  t h e  tt -* Tt* i s  r e d - s h i f t e d
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11-17due t o  h y p e r c o n j u g a t i o n  a s  f i r s t  e x p l a i n e d  by M u l l i k e n  . I f  t h e  
c o m p u ta t i o n s  can q u a n t i t a t i v e l y  d u p l i c a t e  t h i s  s h i f t ,  t h e n  one can  
c e r t a i n l y  p u t  more t r u s t  i n  any  o t h e r  s h i f t s  p r e d i c t e d  f o r  i n c r e a s e d  
m e t h y l a t i o n .  A ls o  r e p o r t e d  a r e  some i n i t i a l  c o m p u ta t i o n s  on c y c l i c  
m o n o - o l e f i n s  and c y c l o a l k y l i d e n e - - c y c l o a l k a n e s  which  a r e  no t  com ple ted  
as  o f  t h i s  w r i t i n g .
In  o r d e r  t o  b r i e f l y  d e s c r i b e  th e  c o m p u t a t i o n a l  methods  and ,  
a t  t h e  same t i m e ,  g i v e  c r e d i t  t o  t h e  p e r s o n s  h a v in g  w r i t t e n  t h e  
v a r i o u s  programs u t i l i z e d ,  we p r e s e n t  t h e  f o l l o w i n g  d e s c r i p t i o n  of  
t h e s e  p ro g ram s :
ZEVC55- - T h i s  p rogram  was w r i t t e n  by A.T.  A rm s t rong .  I t  employs 
a s  b a s i s  o r b i t a l s  C l e m e n t i - t y p e  AO's and m in im izes  e n e r g y  u t i l i z i n g  
t h e  v a r i a t i o n a l  method a s  p e r fo rm ed  on a l i n e a r  c o m b in a t i o n  o f  t h e s e  
A O 's .  I n  ou r  c o m p u ta t i o n s  we chose  a s  our  b a s i s  s e t  t h e  2 s ,  2p ,  and 
3s o r b i t a l s  o f  c a r b o n  ( a l s o  t h e  3 p ' s  i n  one c a s e  f o r  e t h y l e n e )  and 
th e  I s  o r b i t a l  on hydrogen. .Coulomb i n t e g r a l s  ( I b ^ )  were  a p p ro x im a te d  
a s  t h e  a t o m ic  v a l e n c e  s t a t e  i o n i z a t i o n  p o t e n t i a l s  (VSIP) .  However, 
p i - t y p e  a to m ic  f u n c t i o n s  a r e  f u r t h e r  p a r a m e t r i z e d  by an a d j u s t m e n t
g
o f  t h e  VSIP t e rm ,  i . e .  a m u l t i p l i c a t i v e  f a c t o r  o f  0 . 8 ,  w h ich  h a s  
b e e n  found  t o  n i c e l y  r e p r o d u c e  t h e  i o n i z a t i o n  p o t e n t i a l  and f i r s t  
t r a n s i t i o n  e n e r g y  i n  b e n z e n e ,  was a p p l i e d .  Resonance  i n t e g r a l s
9
( H „ )  were  ap p ro x im a te d  by t h e  method of  Cusachs  ,
H. . = (2 - IS. . I )(H.  . + H. . )S .  . 1 2  
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O v e r la p s  were  e v a l u a t e d  u s i n g  t h e  C le m e n t i  d o u b l e - z e t a  s e t  o f  
A O ' s . ^  Having no p r e v i o u s  r u l e s  t o  gu ide  us i n  t h e  s e l e c t i o n  
o f  a s i n g l e  o r b i t a l  exponen t  f o r  t h e  v i r t u a l  3s f u n c t i o n ,  we have 
v a r i e d  i t  from 0 .1 0  t o  0 .6 5  i n  t h e  e t h y l e n e  m o l e c u le .  Two v a l u e s ,  
0 . 3 0  and 0 .4 8 3  ( o b t a i n e d  from S l a t e r ' s  r u l e s  on p ro m o t io n  o f  a 
2p e l e c t r o n  i n t o  t h e  3s l e v e l )  were employed f o r  t h e  c o m p u ta t i o n s  
on t h e  m o l e c u l a r  s e r i e s .  A l l  c o m p u ta t i o n s  in v o l v e d  an  i t e r a t i o n  
t o  cha rge  convergence  u t i l i z i n g  a M u l l i k e n  p o p u l a t i o n  a n a l y s i s .
TRIEL- - T h i s  p rogram was w r i t t e n  by L.C.  Cusachs  t o  compute
a p p ro x im a te  t r a n s i t i o n  moments ( e l e c t r i c  d i p o l e ,  m a g n e t i c  d i p o l e ,
and e l e c t r i c  q u a d r u p o le )  and o s c i l l a t o r  s t r e n g t h s .  I t  employs
e n e r g i e s  and LbVdin m o l e c u l a r  o r b i t a l s  a s  o b t a i n e d  from ZEVC55.
A l th o u g h  t h e  e i g e n v e c t o r s  a r e  c a s t  i n t o  t h e  Lb’wdin MO form'*''*', i t
t r e a t s  t h e  AO's a s  s t i l l  b e i n g  c e n t e r e d  on t h e  n u c l e i .  I t  t h u s
e v a l u a t e s  a l l  o n e - c e n t e r  te rm s  and n e g l e c t s  a l l  t w o - c e n t e r  o n e s .
12Such an a p p r o x i m a t i o n  has  been shown by Cusachs t o  g iv e  r a t h e r  
r e l i a b l e  r e s u l t s .  The p rogram i n c o r p o r a t e s  S l a t e r - t y p e  AO's i n  
computing t r a n s i t i o n  moments, w h e re a s  we have employed c o e f f i c i e n t s  
from Lowdin o r b i t a l s  o b t a i n e d  u s i n g  C l e m e n t i - t y p e  AO's .  The 
o r b i t a l  ex p o n e n t s  used f o r  t h e s e  S l a t e r  AO's were  o b t a i n e d  from 
S l a t e r ' s  r u l e s  o r  from th e  program d e s c r i b e d  n e x t .  As mentioned  
b e f o r e ,  ^  was v a r i e d  from 0 . 1 0  t o  0 .6 5  f o r  e t h y l e n e .
13OAOS- - T h i s  p rogram  was w r i t t e n  by L .C .  Cusachs  . I t  g e n e r a t e s  an 
e f f e c t i v e  s i n g l e  S l a t e r - t y p e  o r b i t a l  (STO) exponen t  w h ich  mimics 
th e  s e l f - o v e r l a p  o f  SCF f u n c t i o n s  a t  v a r i o u s  i n t e r a t o m i c  s e p a r a t i o n s .
SOC 1- - T h i s  p rogram was w r i t t e n  by L.G. Vanqu ickenborne  t o  e v a l u a t e
s i n g l e t - t r i p l e t  m ix ing  as  g iv e n  by (S It )  where 3C/ r e p r e s e n t s  th e
o n e - e l e c t r o n  s p i n - o r b i t  c o u p l i n g  i n t e r a c t i o n  of  t h e  two m o l e c u l a r  
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o r b i t a l s  ’ ’ . Only o n e - c e n t e r  te rm s  a r e  i n c l u d e d  i n  t h e  c a l c u l a t i o n
w hich  u t i l i z e s  LSWdin MO's and e n e r g i e s  from ZEVC55 and d i p o l e  
t r a n s i t i o n  moments from TRIEL t o  compute Sq -♦ t r a n s i t i o n  moments 
and p h o s p h o re s c e n c e  l i f e t i m e s .
VESCF- - T h i s  p rogram  was w r i t  :en by J .V .  R u s s e l l  and p e r f o r m s  a VESCF^* 
( v a r i a b l e  e l e c t r o n e g a t i v i t y  s e l f - c o n s i s t e n t  f i e l d )  c a l c u l a t i o n  on 
p i - e l e c t r o n  s y s t e m s ,  u s i n g  o r b i t a l  p o p u l a t i o n s  as  o b t a i n e d  from 
ZEVC55.
C I - - T h i s  p rog ram ,  by J . V .  R u s s e l l ,  employs  o u t p u t  f rom VESCF and 
p e r fo rm s  a c o n f i g u r a t i o n  i n t e r a c t i o n  c a l c u l a t i o n  u s i n g  SCF 
w a v e f u n c t i o n s ,  y i e l d i n g  e n e r g i e s  and o s c i l l a t o r  s t r e n g t h s  o f  Sq -♦ T^, 
tt -* n* t r a n s i t i o n s .
SDIPOL- - T h i s  p rog ram ,  w r i t t e n  by L .C .  C usachs ,  u s e s  o r b i t a l  
p o p u l a t i o n s  o u t p u t t e d  from ZEVC55 t o  compute s t a t i c  d i p o l e  moments.
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(B) C o m p u ta t i o n a l  R e s u l t s :  E t h y le n e
At t h e  t im e  t h e s e  c o m p u ta t i o n s  w e re  begun ,  we were  unaware 
o f  t h e  c o o r d i n a t e  frame recommended by M u l l i k e n  and chose  f ram e I  
o f  T ab le  1 - 8 ,  i . e .  t h e  z - a x i s  a l o n g  t h e  d o u b le  bond and t h e  y - a x i s  
o u t  of  t h e  m o l e c u l a r  p l a n e .  Thus ,  o u r  g roup  t h e o r e t i c a l  n o t a t i o n  a g r e e s  
w i t h  t h a t  of  Robin  and i s  e a s i l y  c o n v e r t e d  t o  t h e  o t h e r  c o o r d i n a t e
f ram es  u s i n g  T a b le  1 - 8 .  We used  1.34& f o r  t h e  C=C d i s t a n c e ,  1.07&
f o r  t h e  C-H d i s t a n c e  and 118° f o r  t h e  HCH a n g l e .
S e l e c t i o n  o f  a p r o p e r  o r b i t a l  e x p o n e n t  (§)  f o r  t h e  v i r t u a l  
3s o r b i t a l  p r e s e n t e d  an  i n i t i a l  d i f f i c u l t y .  S l a t e r ' s  r u l e s  g i v e
-  0 . 2 0  f o r  a  3s o r b i t a l  w i t h  s i x  e l e c t r o n s  i n  t h e  second v a l e n c e^3s
s h e l l .  They y i e l d  0 .4 8 3  i f  one p rom ote s  a 2p e l e c t r o n  t o  t h e  3s
l e v e l .  The OAOS p rog ram  i n d i c a t e d  t h a t  an  o r b i t a l  ex p o n en t  o f  0 .3 0
would b e s t  mimic SCF o v e r l a p s ,  b u t  c o u ld  p r o v i d e  no i n f o r m a t i o n  
r e g a r d i n g  a v i r t u a l  o r b i t a l .  We d e c i d e d  t o  v a r y  ^ g  f rom 0 . 1 0  t o
0 . 6 5  t o  see  what  e f f e c t  t h i s  has  on t h e  c o m p u t a t i o n s .
The r e s u l t s  o f  t h i s  v a r i a t i o n  i n  a r e  shown i n  F i g u r e  I I I - l ,
i n  w h ich  we p l o t  MO e n e r g i e s  v e r s u s  §gs * ̂ o r  v a l ues  ° f  ? 3S = 0 . 1 0  t o
0 . 4 5 ,  t h e  o r d e r i n g  o f  MO's i s  t h e  same,  h a v i n g  b (it*) a s  t h e
•f*
lo w e s t  u n f i l l e d  MO, t h e  a ( R ( 3 s ) )  n e x t ,  and t h e  b^u ( R * ( 3 s , 2 s ) )  t h i r d .
+
I t  h a s  o c c u r r e d  t o  us t h a t  t h e  name " a n t i s y m m e t r i c "  m igh t  
b e t t e r  a p p l y  i n  d e s c r i b i n g  t h i s  R * ( 3 s , 2 s )  o r b i t a l .  M u l l i k e n  (11 -1 7 )  
h a s  s t a t e d  t h a t  t h e  Rydberg o r b i t a l  may be t h o u g h t  o f  a s  a  l a r g e  d i f f u s e  
a t o m i c - l i k e  o r b i t a l  c e n t e r e d  i n  t h e  m id d le  o f  t h e  doub le  bond .  T h i s  i s  
i n d e e d  where  Robin  (1 -3 3 )  s i t u a t e d  h i s  G a u s s i a n  r e p r e s e n t a t i o n  o f  t h e  
v i r t u a l  3 s .  T h i s  does  n o t  a l l o w  f o r  t h e  p o s s i b i l i t y  o f  " sy m m et r ic "
3s+3s ( r e f e r r e d  t o  as  "bon d in g "  i n  t h e  t e x t )  o r  " a n t i s y m m e t r i c "  3 s - 3 s  
( " a n t i b o n d i n g "  i n  t h e  t e x t ) .  We f e e l  t h a t  t h e  " b o n d i n g - a n t i b o n d i n g "  
n o m e n c la t u r e  used  i n  t h e  t e x t  i s  j u s t i f i e d  s i n c e  our  t e rm s  f o r  
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At 5gs = 0 . 4 8 3 ,  t h e  R * ( 3 s ,2 s )  f a l l s  below th e  tT* and R(3s)  l e v e l s ,
and t h i s  o r d e r  r em a in s  the  same f o r  th e  t h r e e  low es t  u n f i l l e d  MO's
a s  §3 S i s  i n c r e a s e d  to  0 . 6 5 .  The h i g h e s t  f i l l e d  a  o r b i t a l ,  ^ g *
i s  ab o u t  1 .1  ev below t h e  tt l e v e l .  T a b l e s  I I I - l  and I I I - 2  g iv e  the
o r d e r i n g  of  MO's and p r e d i c t e d  e n e r g i e s  f o r  t h e  v a l u e s  i^g  -  0 .483  and
0 . 3 0 0 ,  r e s p e c t i v e l y ,  a l o n g  w i t h  t h e i r  c o m p o s i t i o n  i n  te rm s  o f  AO's .
T ab le  I I I - 3  g i v e s  t h e  e n e r g i e s  p r e d i c t e d  f o r  t h e  two l o w - ly i n g
t r a n s i t i o n s ,  a l o n g  w i t h  t h e i r  p e r c e n t a g e  Rydberg c h a r a c t e r .  These
r e s u l t s  s u g g e s t  t h a t  b o th  t h e  TT -* R(3s)  and th e  tt R * ( 3 s ,2 s )  l i e
i n  t h e  r ange  o f ,  and p o s s i b l y  be low,  t h e  tt tt*. The R(3s)  o r b i t a l
seems t o  be m o s t l y  Rydberg 3s i n  n a t u r e ;  t h e  R * ( 3 s ,2 s )  a p p e a r s  t o  be
ab o u t  h a l f  Rydberg 3 s ,  h a l f  v a l e n c e - s h e l l .  The a  tt* t r a n s i t i o n
o f  B e r ry  a p p e a r s  t o  be v a l e n c e - s h e l l  i n  n a t u r e  and does  n o t  v a r y  w i t h
chan g in g  > l y i n g  a b o u t  1 ev above th e  tt -* tT*. The tt -♦ n* i s  a t  j  s
7 . 1 2  ev and ,  b e i n g  v a l e n c e - s h e l l ,  i s  a l s o  i n v a r i a n t .
These r e s u l t s  do n o t  however make any  e a s i e r  the  s e l e c t i o n
o f  a p r o p e r  ^3 S* The v a l u e s  o f  0 .483  seems a l o g i c a l  c h o ic e  on th e
b a s i s  o f  S l a t e r ' s  r u l e s .  We examined t h e  o u t p u t  AO p o p u l a t i o n s
o b t a i n e d  from t h e  c a l c u l a t i o n s  and ,  u s i n g  S l a t e r ' s  r u l e s ,  c a l c u l a t e d
t h e  o u t p u t  on a ca rb o n  c e n t e r  i f  t h e  2pn  p o p u l a t i o n  i s  o m i t t e ds
and an  e l e c t r o n  i s  c o n s i d e r e d  a s  b e i n g  i n  t h e  v i r t u a l  3s o r b i t a l .
The r e s u l t s  a r e  shown i n  Tab le  I I I - 4 .  I t  a p p e a r s  t h a t  a v a l u e  o f  
a b o u t  0 .3 2  i s  c o n s i s t e n t l y  a r r i v e d  a t  by t h i s  means.  S ince  we had
TABLE I I I - l
MO'S OF ETHYLENE USING = 0 .483  -----------------------  S3s--------- -----
Common
d o t a t i o n MO Energy (e
I - 2 4 .4 4
2 - 1 7 .8 7
3 - 1 5 .2 5
4 - 1 3 .0 3
a 5 - 1 2 .0 4
rr 6 - 1 0 .8 9
R * (3 s ,2 s ) 7 - 4 .08
Tt* 8 -  3 .78
R(3s) 9 - 3 .43




















a ( 2 s , 2 p z , CH) 
a * ( 2 s , 2 p z ) ,  a (CH) 
a (2 p x ) ,  a*(CH) 
a  (  2pz, CH) 
a* (2px ) ,  a(CH)
TT(2py )
a * ( 3 s , 2 s , 2 p z , C ( 2 s ) H ) , a (C(3s)H)
TT*(2P y )
CT(3s,2pz , 2 s JC (3 s )H ) , a * (C (2 s )H )  
ff(2px ) ,  c*(CH) 
a ( 2 s , 2 p  3 s ) ,  ct*(CH)
a* (2 p x ,CH) 
a* (2p  , 3 s ,2 s ,C H )  
a * ( 2 s , 2 p z , 3 s ) ,  a (CH)
T r a n s i t i o n  Symmetry AE(ev)
n -♦ tt* V S ; ( V - < b28 > < V 8 .26
tt -+ rr* A - ’V ' V  - < b 2u><b 3g> 7.11
TT -* R(3s) V B2u;<b2 u > - < V < V 7.46
tt -* R * ( 3 s ,2 s ) V  B3 g ; ( b 2u> - < b2u><blu> 6 .81
TABLE I I I - 2 
MO'S OF ETHYLENE USING g = 0 .300
JCommon
d o t a t i o n MO Energy  (ev) Symmetry (Frame I ) Composit  ion
1 -2 4 .4 1 ( y 2S 2
a ( 2 s , 2 p z 3CH)
2 -1 7 .8 7 ( b lu> CT* ( 2 s , 2 p z ) ,  a(CH)
3 - 1 5 .2 5 (b 3u> a (2 p  ) , a*(CH)A
4 -1 3 .0 3 (v 2 tf<2ps , CH)
a 5 -1 2 .0 3 (v 2 a* (2 p x ) ,  a(CH)
TT 6 - 1 0 .9 0 ‘Vo Tr(2py)TT* 7 - 3 .78 (b*4 TT*(2P y)R(3s) 8 - 3 .46 (v„ a ( 3 s , 2 p z , 2 s , C ( 3 s ) H ) , a (C(2s)H)R*(3s ,2s ) 9 0 .60 ( b .  ) 
l u  n
a* ( 3 s , 2 s , 2 p  C ( 2 s ) H ) , a (C(3s)H
10 7.75 (b_ )° 
3un
a (2 p x ) ,  a*(CH)
11 9 .02 ‘Vs  0 a ( 2 s , 2 p z , 3 s ) ,  <**(CH)
12 1 0 . 1 1 (V 0 a* (2 p z , 3 s ,2 s ,C H )
13 15 .02 ‘Vo
( b lu>
a* (2px ,CH)
14 33.69 0* ( 2 s , 2p , 3 s ) ,  ct(CH)
T r a n s i t i o n Symmetry AE(ev)
n  -♦ t i * bV ! Bl S ; ( V 2- ' b 2g><b 38> 8 .2 5
TT -♦ TT* V Bl u ' ( b2u> ~ <b2 u > < V 7.12
tt -» R(3s)
1V , B2u ; ( b 2u > ^ b 2U>( V
7 .4 4
tt -* R*(3s ,2s) V  B3 g ; ( b 2u> - ( b 2u>( b lu ) 11 .50
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TABLE I I I - 3
ETHYLENE: EFFECT OF VARYING    3 s
h s A E ( e v )  , tt- *R( 3s ) 7. R y d b e r g A E ( e v )  3 tt- *R*( 3 s , 2 s ) 7. R y d b e r g
0 . 1 0 7 . 4 9 9 9 . 9 7 1 1 . 1 3 9 9 . 5 7
0 . 1 5 7 . 4 5 9 9 . 8 3 1 1 . 8 1 9 8 . 5 9
0 . 2 0 7 . 4 6 9 9 . 2 9 1 2 . 6 4 9 1 . 4 2
0 . 2 5 7 . 4 5 9 8 . 2 0 1 2 . 5 9 7 0 . 4 7
0 . 3 0 7 . 4 4 9 6 . 4 9 1 1 . 5 0 5 4 . 8 1
0 . 3 5 7 . 4 4 9 4 . 3 7 1 0 . 0 6 4 7 . 9 0
0 . 4 0 7 . 4 4 9 1 . 9 6 8 . 6 6 4 5 . 3 2
0 . 4 5 7 . 4 5 8 9 . 5 7 7 . 4 6 4 4 . 8 2
0 . 4 8 3 7 . 4 7 8 7 . 9 9 7 . 1 2 4 5 . 2 2
0 . 5 0 7 . 4 8 8 7 . 2 3 7 . 1 2 4 5 . 5 4
0 . 5 5 7 . 5 0 8 5 . 0 7 7 . 1 2 4 6 . 9 3
0 . 6 0 7 . 5 3 8 3 . 1 0 7 . 1 2 4 8 . 6 9
0 . 6 5 7 . 5 5 8 1 . 3 6 7 . 1 2 5 0 . 6 2
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TABLE I I I - 4
ETHYLENE: COMPARISON OF INPUT AND OUTPUT g - ^ ' s
In p u t  ?3s O utpu t  £3£*
0 . 1 0 0 .3 1 8
0 .15 0 .3 1 8
0 . 2 0 0 .3 1 8
0 .2 5 0 .318
0 .3 0 0 .319
0 .3 5 0 .319
0 .4 0 0 .321
0 .4 5 0 .323
0 .4 8 3 0 .323
0 .5 0 0 .3 2 5
0 .5 5 0 .327
0 .6 0 0 .329
0 .6 5 0 .331
Using  AO p o p u l a t i o n  o u t p u t t e d  from ZEVC55, and S l a t e r ' s  r u l e s .
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begun th e  c o m p u ta t i o n s  u s in g  a v a l u e  n e a r  0 .3 2  ( i . e . ,  0 . 3 0 0 ) ,  we
d e c i d e d  t o  r e t a i n  i t  i n  l a t e r  c a l c u l a t i o n s  on m e t h y l - s u b s t i t u t e d
e t h y l e n e s .  We a l s o  c a r r i e d  ou t  a l l  c a l c u l a t i o n s  on t h i s  s e r i e s
w i t h  = 0*483.
The r e s u l t s  o f  t r a n s i t i o n  moment c a l c u l a t i o n s  f o r  e t h y l e n e
a r e  shown i n  T ab le  I I I - 5  f o r  E = 0 .300  and Tab le  I I I - 6  f o r  = 0 .4 8 3 .=3s S3s
I n  b o t h  c a s e s ,  -  E. = 1 .625  ( f rom  S l a t e r ' s  r u l e s ) .’ ^2px 2py ^2pz
These  t a b l e s  p r e s e n t  a r a t h e r  s u r p r i s i n g  r e s u l t .  A l though  th e  
c o m p u ta t i o n  p r e d i c t s  an f - v a l u e  of  0 .280  f o r  th e  tt -* tt*, which  
a g r e e s  w e l l  w i t h  th e  e x p e r i m e n t a l  v a l u e  of  0 . 3 0 ,  i t  f a i l s  t o  p r e d i c t  
t h e  o b s e rv e d  v a l u e s  o f  0 .0 3  f o r  t h e  s h a rp  tt -* R ( 3 s ) .  The p r e d i c t e d  
v a l u e  i s  an o r d e r  o f  magnitude  too  s m a l l  when = 0 .483  i s  u sed ,  
and two o r d e r s  o f  magnitude  to o  s m a l l  when ^3 S = 0 .3 0 0  i s  u sed .
We have been  in fo rm ed  by M u l l ik e n  i n  a p r i v a t e  communica tion t h a t  
he f e e l s  t h i s  computed v a l u e  i s  t o o  low, and t h a t  t h e  tt -* R(3s)  
t r a n s i t i o n  d i p o l e  moment shou ld  be ab o u t  the  same as  t h a t  f o r  th e  
3p -* 4s t r a n s i t i o n  i n  t h e  u n i t e d  s u l f u r  atom. A hand c a l c u l a t i o n
y
o f  t h i s  a to m ic  t r a n s i t i o n  moment u s i n g  s i n g l e  S l a t e r  AO's y i e l d s  a 
t r a n s i t i o n  moment l e n g t h  o f  0 .0405$  ( u s i n g  = 0 .2 4 3 ,  §->py = 1*817
_ 3
from S l a t e r ' s  r u l e s ) .  Th i s  c o r r e s p o n d s  to  an f - v a l u e  o f  1.068x10  
w hich  i s  s t i l l  an  o r d e r  o f  magnitude  too  s m a l l .  I t  does a g r e e  w e l l  
w i t h  t h e  o s c i l l a t o r  s t r e n g t h  p r e d i c t e d  f o r  th e  e t h y l e n e  m o lecu le  
u s i n g  = 0 . 4 8 3 ,  and p r o v i d e s  a n o t h e r  r e a s o n  f o r  u s i n g  t h i s  v a l u e
TABLE I I I - 5
COMPUTED INTENSITIES FOR ETHYLENE. £„ = 0 .300----------------------------------------------------------- *—^3s--------------
T r a n s i t i o n ^ t o t a l f ED f MD f EQ A E (e .v . )
a -* n* 8 . 2 4 x 1 0 ' 6 0 . 0 0 . 0 6 . 7 2 x 1 0 " 6 0 .6705 1 .5 2 x 1 0 " 6 0.2133 8 .25
TT - *  T T * 0 .280 0 .280 0 . 6 7 0 0 0 . 0 0 . 0 0 . 0 0 . 0 7 .12
TT -* R(3s) 1 .08x10"4 1 .08x1O'4 0.01287 0 . 0 0 . 0 0 . 0 0 . 0 7 .4 4
tt —» R* ( 3 s 5 2 s ) 2 .2 7 x 1 0 " 8 0 . 0 0 . 0 1 . 8 5 x l 0 -8 0 .02138 4 . 1 7 x l0 -9 0 .00680 11 .50
TABLE I I I - 6
COMPUTED INTENSITIES FOR ETHYLENE. = 0 .483  ----------------------------------------------------------- 5—^3s--------------
T r a n s i t i o n ^ t o t a l f ED S ed* f MD f EQ v | 2 >
A E (e .v . )
O' -> Tt* 8 .2 5 x 1 0 " 6 0 . 0 0 . 0 6 . 7 3x10"6 0 .6703 1 .5 2 x 1 0 " 6 0.2132 8 .26
tt -♦ n* 0 .280 0.280 0 .6700 0 . 0 0 . 0 0 . 0 0 . 0 7 .12
TT -* R(3s) 3 .02x10"3 3.02x10"3 0.06797 0 . 0 0 . 0 0 . 0 0 . 0 7 .46
tt -* R * (3 s ,2 s ) 3 .36x10"9 0 . 0 0 . 0 2.74x10 "9 0 .01806 6.17x10“ 10 0 .00574 6.81
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i n  c o m p u ta t i o n s  on th e  a l k y l  s u b s t i t u t e d  e t h y l e n e s .
T ab le  I I I - 5 and I I I - 6 a l s o  r e v e a l  t h a t  t h e  computed f - v a l u e
g
for t h e  tt -* R* ( 3 s , 2 s )  i s  v e r y  s m a l l  (~10 ) .  T h i s  i s  e x p e c t e d
s i n c e  t h e  t r a n s i t i o n  i s  e l e c t r i c  d i p o l e  f o r b i d d e n  and g a i n s  o n l y  a s m a l l
amount o f  a l l o w e d n e s s  t h ro u g h  e l e c t r i c  q u a d r u p o le  and m a g n e t i c  d i p o l e
c o n t r i b u t i o n s  a s  shown. The e l e c t r i c  q u a d r u p o le  and m a g n e t i c  d i p o l e
o s c i l l a t o r  s t r e n g t h s  a r e  e v a l u a t e d  a p p r o x i m a t e l y  f rom t h e  r e s p e c t i v e
18t r a n s i t i o n  moments, a s  d e s c r i b e d  i n  Kauzmann , a s  a r a t i o  t o  t h e
19c o r r e s p o n d i n g  e l e c t r i c  d i p o l e  o s c i l l a t o r  s t r e n g t h .  The fo r m u l a s  
used  were
f EJ) = [ l . 0 8 5 x l 0 - 5 ][AE(cm"1)"][REj)(S) ] 2 
f EQ «  [ l . 1 3 x l O - 1 9 ][AE(cm- 1 ) ] 3 [REq(X2) ] 2 
f m  «  [ 5 .1 5 x lO _2°][AE(cm""1) ] 3 [R^D(X2) ] 2
I t  i s  a l s o  s een  t h a t  t h e  e l e c t r i c  d i p o l e  f o r b i d d e n  a  it*
t r a n s i t i o n  o f  B e r ry  does  g a i n  some a l l o w e d n e s s  ( f  «  8x10 th r o u g h
- 6  - 6m a g n e t i c  d i p l e  «  6 . 7x 10 ) and e l e c t r i c  q u a d ru p o le  (fgQ w 1 »5x10 )
c o n t r i b u t i o n s .
One f u r t h e r  MJH c a l c u l a t i o n  was done on e t h y l e n e  i n  which
we i n c l u d e d  t h e  3p o r b i t a l s .  We used 5os = = = Sjp = 0*300.
Px y z
T a b l e s  I I I - 7  and I I I - 8  show t h e s e  r e s u l t s  f o r  t h e  l o w e s t  t r a n s i t i o n s ,  
w i t h  and w i t h o u t  t h e  0 . 8  a d j u s t m e n t  f a c t o r  a p p l i e d  t o  t h e  3prr
TABLE I I I - 7
EFFECT OF INCLUDING 3 p ' s  IN ETHYLENE (NO ADJUSTMENT OF VSIP)
T r a n s i t i o n A E (e .v . ) Compos i t ion  o f  Lower MO Composi t ion o f  Upper MO f ED






0 .1 6 8
J  -♦ T T * 6 .6 8 45.037, 2p , 54.407c CH
X





rr -* R*(3pz ) 7 .3 6 99.947c 2py
88.667c 3p*, 4.157c 2s* ,  5.007c 3s* 0 . 0
TT -* R(3s) 7 .4 2 99.947c 2p
y
96.387c 3s 3 .8 2 x 1 0 " 3
t t  -♦ R(3p )
X





tt -* R(3p )
y





TABLE I I I - 8
EFFECT OF INCLUDING 3 p ' s  IN ETHYLENE ( H ^ Q p ^ )  x 0 . 8 )
T r a n s i t i o n A E (e .v . ) Compos i t ion  o f  Lower MO Com pos i t ion of Upper MO f ED
rr -* tt* 6.52 99.94% 2p
y





TT -* R*(3pz ) 7 .36 99.94% 2 p
y
8 8 . 66% 3p*.r z ’ 4.15% 2s* ,  5.00% 3s* 0 . 0
TT -» R(3s) 7 .42 99.94% 2p
y
96.38% 3s 3 .76x10“ 3
%Tb 7 .69 45.03% 2p , 54.40% CH
X s





TT -  R(3px ) 8 .35 99.94% 2p
y
96.13% 3p r x 0 . 0
TT -* R(3p )
y







Coulomb t e rm .  We f i r s t  n o te  t h a t  w i t h o u t  t h e  0 . 8  VSIP f a c t o r  t h e
rr(2Py) i s  v e r y  c o n ta m in a te d  w i t h  rr(3p^) ; w i t h  t h e  f a c t o r  i t  i s  l e s s
c o n ta m in a te d  (95% 2 p ^ ) . We te n d  t o  t r u s t  t h e  r e s u l t s  more w i t h  t h e
f a c t o r  i n c l u d e d  s i n c e  t h e  a  tt* o f  B e r r y  t h e n  o c c u r s  a t  7 .6 9  ev i n
good ag reem en t  w i t h  t h e  e x p e r i m e n t a l  v a l u e  o f  7 .45  e v .  The R * ( 3 s ,2 s )
i s  now r e p l a c e d  by an o r b i t a l  o f  t h e  same symmetry,  R*(3p , 2 s , 3 s ) .z
As e x p e c t e d ,  o n ly  t h e  tt TT* and tt -* R(3s)  t r a n s i t i o n s  a r e  symmetry 
a l l o w e d ,  f - v a l u e s  f o r  t h e  o t h e r s  a l l  b e i n g  z e r o .
In  f a c t ,  a l l  Rydberg t r a n s i t i o n s  from t h e  tt l e v e l  a r e  
f o r b i d d e n  i n  D2^ symmetry u n t i l  we r e a c h  th e  tt -* R* ( 3 p ^ ) ,  w h ich  i s  
t h e  tt (^Py) -* tt* O P y )  t r a n s i t i o n .  We presume t h i s  i s  t h e  t r a n s i t i o n  
r e s p o n s i b l e  f o r  t h e  second b road  con t inuum  i n  t h e  r e g i o n  1300 t o  
1500$. Y e t ,  P r i c e  and T u t t e  o b s e rv e  two weak Rydberg s e r i e s  s t a r t i n g  
a b o u t  1518 and 1436$ and h a v in g  quantum d e f e c t s  o f  0 . 4  and 0 . 7 ,  
r e s p e c t i v e l y ,  i n d i c a t i n g  t h e y  a r e  t o  a p o r b i t a l .  These two s e r i e s  go 
t o  t h e  same i o n i z a t i o n  p o t e n t i a l  a s  t h e  tt -* R(3s)  s e r i e s  i n d i c a t i n g  
t h e y  a r e  t r a n s i t i o n s  from t h e  tt l e v e l .  W i l k i n s o n  found t h a t  t h e r e  
a r e  f o u r  s e r i e s  i n c l u d i n g  th e  tt -* R ( 3 s ) .  We were  t h u s  posed  w i t h  
th e  p rob lem  o f  how t h e  t h r e e  f o r b i d d e n  s e r i e s ,  a l t h o u g h  weak,  cou ld  
have any i n t e n s i t y .  One o b v io u s  way would be v i a  a v i b r o n i c  s t e a l i n g  
mechanism s i n c e  t h e y  a r e  i n  e v e r y  c a s e  above u n d e r l y i n g  c o n t i n u o u s  
a b s o r p t i o n  from th e  tt -* it* or  t h e  tt -* TT*(3Py). E x a m in a t io n  o f  t h e  
sym m etr ie s  in v o l v e d  showed t h i s  cou ld  o c c u r  by v a r i o u s  modes i n  f^h*
The p o s s i b i l i t e s  f o r  such  an  occurrence  a r e  shown i n  T ab le  I I I - 9
w h ich  shows t h e  v i b r a t i o n s ,  r o t a t i o n s ,  and c o m b in a t io n s  w h ich  can
c o u p le  w i t h  v a r i o u s  t r a n s i t i o n s .  S t e a l i n g  i s  a l lo w e d  from th e
-* (rr -* TT*) transition whenever the transition, plus
c o u p l i n g ,  becomes z - p o l a r i z e d .
I t  i s  p o s s i b l e  t h a t  a l l o w e d n e s s  a r i s e s  n o t  by this  mechanism,
b u t  a s  a r e s u l t  o f  e x c i t e d  s t a t e s  b e i n g  o f  symmetry o t h e r  t h a n
However, we were  i n t r i g u e d  by th e  p o s s i b i l i t y  t h a t  ou r  computed
f - v a l u e s  f o r  t h e  tt -» R(3s)  m igh t  be r e l i a b l e  and t h a t  i t ,  a l s o ^  g a i n s
i t s  o b s e rv e d  i n t e n s i t y  by t h i s  mechanism.  Might t h e  tt -* R(3s)  on
coupling with one quantum of Vg steal intensity from the tt -♦ TT*?
We r e a s o n e d  by a n a l o g y  w i t h  benzene  i n  w hich  t h e  f i r s t  t r a n s i t i o n
(symmetry  f o r b i d d e n )  s t e a l s  i n t e n s i t y  from t h e  f i r s t  a l lo w e d  t r a n s i t i o n .  
20A l b r e c h t  has  t r e a t e d  t h i s  s i t u a t i o n  i n  benzene  and a r r i v e d  a t  an 
e m p i r i c a l  v i b r o n i c  c o u p l i n g  m a t r i x  e l em en t  o f  0 .27  e v .  His  e q u a t i o n  
i s
f A - D
w here  f  = o s c i l l a t o r  s t r e n g t h  g a in e d  by t r a n s i t i o n  A on s t e a l i n g  
i n t e n s i t y  f rom t r a n s i t i o n  B. 
f ^  = o s c i l l a t o r  s t r e n g t h  o f  t r a n s i t i o n  B.
E^ and Eg = e n e r g i e s  o f  t r a n s i t i o n s  A and B i n  e v .
TABLE I I I - 9
VIBRATIONS. ROTATIONS. OR COMBINATIONS3 WHICH CAN COUPLE IN D„,-------------------a------------------- --------------------------------------------------------------------------
Symmetry T r a n s i t i o n x - p o l a r i z e d y - p o l a r i z e d z - p o l a r i z e d ^
1A  -  1E1 g lu tt -* n* W a g ( a g = V1 ’ V2 ’ o r  v 3}
Rz + v 8 
v5 , v 6
Rk> W a g = v l , v 2 ’ ° r  v 3> 
Rz + v5 o r  v 6
VS
v l , v 2 ’ v3
V V5 ° r  V6
Ag"*  2u
TT -» R(3s) Rz ’ Rz+ag ( a g = v l ’ v2 ’ ° r  V3> 
Ry + v 8
V2 ?
Ry+V5 ° r  V6 




V v5 ° r  v 6
1A  -* 1B„ 
g 3g
TT -* R * (3 s ,2 s )
TT -» R*(3pz , 2 s , 3 s )
v4
V vn  or v i 2
Ry + v7
Rx + v9 o r  V10
V11 ° r  v 12 
Rz + v4 
Rx + v7 
Ry + v9 ’ v10
v 7
Ry + v4 
Rx+Vl l  0 r  v 12 
Rz+v9 0 r  v 10
1A  -* 1B1 
g l g
rr -  R(3px ) V7
Ry + v4
Rx + V11 ° r  v 12 
Rz + v9 ° r  v10
v9 o r  v10
Ry + ' ’l l  o r  V1 2
R + v .  z 7
Rx + v4
v4
Rz+Vl l  0 r  v 12 
o r  v 10
XA -* l A  
g g
TT -♦ R(3p )
y v9 or  V10 
Rx + v4
Ry + V11 ° r  v12
K  +  V 7
V7
Ry + v4
Rx + vn  o r  v12 
Rz + v9 ° r  v10
vu  o r  v12
Rz+v4
Rx+v7
V y9 ° r  vXO
TABLE I I I - 9  (C o n tin u e d ’)
F o o tn o te s
a .  The obv ious  co m b in a t io n  o f  two q uan ta  o f  any v i b r a t i o n  o r  r o t a t i o n ,  which i s  a lways  t o t a l l y  
symmetr ic ,  i s  n o t  in c lu d e d  i n  th e  t a b l e .
b .  A l l  c o u p l in g s  which le a d  t o  z - p o l a r i z a t i o n  a l s o  e n a b l e  the  t r a n s i t i o n  t o  s t e a l  i n t e n s i t y  
from th e  rr -> rr*.
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Hv c  = v i b r o n i c  c o u p l i n g  m a t r i x  e l e m e n t .
AE = E . - Eb i n  ev .A B
We used  t h e  same m a t r i x  e l em en t  a s  used  i n  b en ze n e ,  a
v a l u e  o f  0 . 2 8  f o r  t h e  f - v a l u e  of  t h e  tt -* tt* t r a n s i t i o n ,  and th e
e x p e r i m e n t a l l y  o b s e rv e d  e n e r g i e s  7 .1 0  and 7 .61  ev f o r  t h e  rr -* R(3s)
and tt -* n * .  T h i s  y i e l d e d  f (tt -* R (3 s ) )  = 0 . 0 7 5 .  The mechanism t h u s
p r o v i d e s  p l e n t y  o f  i n t e n s i t y  t o  a c c o u n t  f o r  the  o b s e rv e d  v a l u e .
More w i l l  be s a i d  i n  t h e  n e x t  s e c t i o n  a b o u t  i t s  a p p l i c a t i o n  t o  t h i s
t r a n s i t i o n  i n  t h e  a l k y l  s u b s t i t u t e d  e t h y l e n e s .
The VESCF-CI c a l c u l a t i o n  on e t h y l e n e  y i e l d e d  a ; ;m an i fo ld
o f  s i n g l e t s  a t  - 0 . 2 2 ,  7 . 3 2 ,  and 11 .66  ev .  I t  p r e d i c t s  t h e  tt -* Tt*
t o  be a t  7 . 5 4  ev and have an f - v a l u e  of  0 . 4 3 3 ,  i n  good ag reem en t  w i t h
2 2e x p e r i m e n t .  The (tt) -* (n*)  t r a n s i t i o n  o f  C r a i g  i s  a t  11 .88  ev w i t h
3
z e r o  i n t e n s i t y .  I t  f u r t h e r  p r e d i c t s  t h e  tt* t o  l i e  4 . 3 4  ev above t h e  
ground  s t a t e , i n  e x c e l l e n t  ag reem en t  w i t h  R e i d ' s  r e p o r t e d  4 . 4  ev .  
S p i n - o r b i t  c o u p l i n g  c a l c u l a t i o n s  p r e d i c t  t h e  o s c i l l a t o r  s t r e n g t h  o f
- 9
t h i s  t r a n s i t i o n  t o  be 1 .57  x 10 . No e x p e r i m e n t a l  f - v a l u e  has
been  r e p o r t e d .  However, Reid r e p o r t s  a maximum a b s o r p t i o n  c o e f f i c i e n t  
- 4o f  a b o u t  10 w h ich  c o r r e s p o n d s  t o  a m o la r  e x t i n c t i o n  c o e f f i c i e n t  of
-3  3about 10 . I f  we assumed the tt -♦ n* to be as broad as the tt TT*
-1  3(e = 10,000, f = 10 ), then we expect the tt -♦ t t *  to have an
— 8o s c i l l a t o r  s t r e n g t h  o f  a b o u t  10 . T h i s  i s  good ag reem en t  w i t h  ou t  
computed v a l u e .
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(C) C o m p u ta t i o n a l  R e s u l t s  on Methyl  S u b s t i t u t e d  E t h y l e n e s ; These 
m o l e c u le s  were a l l  t r e a t e d  a s  h av in g  p l a n a r  ca rb o n  s k e l e t o n s .  We 
chose t h e i r  s k e l e t a l  p l a n e  a s  t h e  x z - p l a n e  w i t h  t h e  z - a x i s  a l o n g  
th e  doub le  bond ,  making th e  o u t - o f - p l a n e  y - a x i s  t h e  p i - d i r e c t i o n .
A l l  me thy l  hydrogens  were p la c e d  i n  a s t a g g e r e d  c o n f i g u r a t i o n  (one 
up and two down or  v i c e - v e r s a ) .  Th i s  i s  p r o b a b l y  t h e  most  s t a b l e  
a r r a n g e m e n t  a l t h o u g h  i t  c a u s e s  the  m o le c u le s  t o  d e v i a t e  s l i g h t l y  
f rom t h e i r  p r o p e r  symmetry p o i n t  g roups  [ 1*2^ f ° r  t e t r a m e t h y l e t h y l e n e  
(TETME) and e t h y l e n e ,  C^v f o r  i s o b u t e n e  (ISOB) and c i s - b u t e n e - 2  
( c i s  B ) , f o r  t r a n s - b u t e n e - 2  ( t r a n s  B ) , and Cg f o r  t r i m e t h y l -
e t h y l e n e  (TRIME) and p r o p y l e n e ] .  The m o le c u le s  do ,  i n  f a c t ,  p o s s e s s  
t h e  symmetr ie s  c i t e d  b e c a u se  the  me thy l  g roups  a r e  f r e e  t o  r o t a t e .
We have t a k e n  a l l  C=C doub le  bond d i s t a n c e s  to  be 1 .3 4 $ ,  C-C s i n g l e  
bonds a s  1 .5 3 $ ,  CH as  1 .07$  when th e  ca rbon  i s  doub le  bonded ,  and 
CH a s  1 .09$  when th e  ca rbon  i s  a me thy l  c a rb o n .
We f i r s t  pe r fo rm ed  MWH c a l c u l a t i o n s  on th e  s e r i e s  u s in g
a 3s o r b i t a l  exponen t  o f  0 .3 0 0 .  The r e s u l t i n g  MO e n e r g i e s  a lo n g
w i t h  t h e i r  s y m m e t r i e s  a n d  p e r c e n t a g e  R y d b e r g  c h a r a c t e r s  a r e  g i v e n
i n  Tab le  I I I - 10. We use th e  symbol a  f o r  t h e  h i g h e s t  f i l l e d
B
a - o r b i t a l  c h o s e n  b y  B e r r y  i n  h i s  cr_ -* T t *  a s s i g n m e n t .  I t  i s  
a n t i b o n d i n g  i n  2 p ^  a n d  b o n d i n g  b e t w e e n  t h e  c a r b o n s  o f  t h e  d o u b l e  
b o n d  a n d  t h e  m e t h y l  c a r b o n s .
I l l
TABLE I I I - 10
MO'S PREDICTED FOR METHYL SUBSTITUTED ETHYLENES ( £ = 0 .300)
M olecu le MO Synunetry E(ev) P e r c e n t a g e  Rydberg 
C h a r a c t e r
E th y le n e  ( D ^ ) aB b2g
-1 2 .0 3 0 . 0
rr,N b 2u - 1 0 .9 0 0 . 0
tt*,V
b 3g
- 3 .78 0 . 0
R(3s) a
g
- 3 .46 9 6 .5
P r o p y le n e ( C s ) aB a ' - 1 1 . 7 4 0 . 0
tt,N a" - 10 .0 2 0 . 0
R(3s) a' - 3 .36 9 5 .0
T T * Z V a" - 3 .28 0 . 0
i s o b ( c2v)
ctb b l - 1 1 .6 3 0 . 0
rr b 2 - 9 .38 0 . 0
R(3s) 3 1 - 3 .32 8 8 . 1
n*
b 2 - 2 .76 0 . 0
c i s  B(C2v) a B b l - 1 1 .4 1 0 . 0
tt,N b2 - 9 .43 0 . 0
R(3 s) a l - 3 .24 9 5 . 0
T t * , V a 2 - 2 .76 0 . 0




- 1 1 .3 2 0 . 0
tt,N a u - 9 .3 4 0 . 0
R(3s) a g - 3.27 94 .7
T 1 * , V b
______ § ______
- 2 .90 0 . 0
TRIME (C ) s a B
a ' - 1 1 .2 5 0 . 0
tt,N a" - 8 . 8 6 0 . 0
R(3s ) a ' - 3 .20 94 .1
tt*2V a" - 2 .36 0 . 0
TETME (D2h)
ctb b 2g -1 0 .9 7
0 . 0
tt,N b 2u - 8 .37 0 . 0
R(3s) a g - 3 .08 9 4 . 4
o * (3 s ) b l u - 2 .87 36 .9
T t * , V b 3u - 1 .91 0 . 0
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T a b le s  I I I - l l ,  12,  13 and 14 g iv e  th e  c a l c u l a t e d  e x c i t a t i o n  
e n e r g i e s  of  th e  l o w - l y i n g  t r a n s i t i o n s  a l o n g  w i t h  t h e i r  symmetr ies  and 
p o l a r i z a t i o n s ,  and th e  computed i o n i z a t i o n  p o t e n t i a l s .  I n c lu d e d  a l s o  
a r e  the  r e p o r t e d  e x p e r i m e n t a l  v a l u e s .  These r e s u l t s  a r e  p l o t t e d  i n  
F ig u r e s  I I I - 2 and I I I - 3. F i g u r e  I I I - 2 shows a r e m a rk a b le  agreement  
be tween  c a l c u l a t i o n  and e x p e r i m e n t  f o r  the  i o n i z a t i o n  p o t e n t i a l s  and 
th e  N -* V e x c i t a t i o n .  Both a r e  s een  t o  s h i f t  r e g u l a r l y  w i t h  i n c r e a s e d  
m e t h y l a t i o n .  The N -* V e n e r g y  i s  s e e n  t o  v a r y  a g r e a t  d e a l  among 
t h e  t h r e e  i s o m e r i c  b u t e n e s  as  was f i r s t  o b s e rv e d  by Gary and P i c k e t t .  
Th i s  v a r i a t i o n  i s  a l s o  p r e d i c t e d  by the  c a l c u l a t i o n s  as  s e e n  on the  
s m a l l e r  g raph  i n s e t  in  F i g u r e  I I I - 2 .
I n s p e c t i o n  o f  th e  r e s u l t s  f a i l e d  t o  r e v e a l  the  r e l a t i v e  
im por tance  of  t h e  v a r i o u s  e f f e c t s  ( h y p e r c o n j u g a t i o n ,  ch a rg e  t r a n s f e r ,  
o r  m o l e c u la r  geometry)  i n  d e t e r m i n i n g  th e  p o s i t i o n  o f  t h e  N -* V 
t r a n s i t i o n .  Tab le  111-15 shows t h e  n e g a t i v e  c h a rg e  acc u m u la ted  by 
the  two doub le -bonded  c a rb o n s  and th e  d i p o l e  moment c a l c u l a t e d  on 
SDIPOL u s i n g  o u t p u t t e d  o r b i t a l  p o p u l a t i o n s  from ZEVC35. Also  
i n c l u d e d  a r e  t h e  p e r c e n t a g e s  o f  IS i n  t h e  t t  and tt*  M O ' s .  These 
s h o u ld  r e f l e c t  th e  deg ree  o f  h y p e r c o n j u g a t i o n  to  some e x t e n t .
H o w e v e r ,  s i n c e  t h e  m o l e c u l a r  g r o u n d  s t a t e  i s  p l a n a r  a n d  t h e  ( tt) ( tt* )  
s t a t e  i s  b e n t  ( 9 0 ° ) ,  t h e s e  n u m b e r s  c a n n o t  c o r r e c t l y  t e l l  t h e  
p e r c e n t a g e  o f  1 S „  c h a r a c t e r  i n  t h e  rt*-M0 e x c e p t  f o r  t h e  s i n g l eri
c a l c u l a t i o n  done on 90° e t h y l e n e .  The computed d i p o l e  moments do
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TABLE I I I - l l
cte -» TT* EXCITATION ENERGIES IN METHYL SUBSTITUTED 
ETHYLENES (g  = 0 .3 0 0 )
M olecu le Symmetry P o l a r i z a t i o n E(ev)
C a l c u l a t e d
E t h y le n e
(V 2- < b2 g > < V - V Big F
8 .2 5
P ro p y le n e ( a ' J ^ a ' J C a * )  jA ^ A " y 8 .36
I  SOB ( b p ^ C b p  C b p  ;a ^ a 2 F 8 .27
c i s  B ( b 1) ^ ( b 1) ( a 2) j A ^ y 8 .6 5
t r a n s  B ( a g ) 2 “*(ag) ( b g ) ;Ag-*Bg F 8 .2 4
TRIME (a  ' )  2-*(a 0  ( a " )  ;A'~>A" y 8 .89
TETME
( b 2g> 2“‘( b 2g) ( b 3g) J Ag“* l g F 9 .0 6
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TABLE I I I - 12
TT -» R(3s)  EXCITATION ENERGIES IN METHYL SUBSTITUTED 
ETHYLENE ( g = 0 .300 )
Molecule Symmetry P o l a r i z a t i o n E(ev)
c a l c d .
E(ev)
e x p . *
E th y len e (b ) 2-*(b ) ( a  ) ;A v 2u 2u g '  g 2u y 7 .4 4 7 . 0 8 3
P ro p y len e ( a //) 2-*(a//) ( a /) ;A'-A" y 6 . 6 6 6 . 5 3 a
ISOB ( b 2 ) 2- ( b 2) ( a l ) ; Ar B2 y 6 .06 6 . 0 8 a , 6 . 1 5 b
c i s  B (t>2) 2-*(b 2) ( a {> ;Ai "*B2 y 6 .19 6 .0 8 a , 6 . 0 0 b
t r a n s  B (a  ) 2- ( a  ) ( a  ) ;A -*A u '  '  u '  g '  g u y 6.07 6 . 0 8 a , 6 . 1 2 b
TRIME ( a //) 2-*(a//) ( a / ) ;A' -A" y 5 .66 5 . 7 5 a , 5 . 4 8 C
TETME ( b .  ) 2-*(b ) ( a  ) jA -*B0 2u '  2u '  g g 2u y 5 .29 5 .3 2 a , 5 . 4 3 C
These e x p e r i m e n t a l  e n e r g i e s  r e f e r  t o  t h e  f i r s t  band i n  t h e  Schumann 
r e g i o n  ( e  = 1 0 3) .
a R .S .  M u l l i k e n ,  Rev.  Mod, P h y s . , 14, 265 (1 9 4 2 ) .
bGary and P i c k e t t ,  J .  Chem. P h y s . . 22 , 599 (1 9 5 4 ) .
° P o t t s ,  J .  Chem. P h y s . . 23,  65 (1 9 5 5 ) .
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TABLE I I I - 13
N — V EXCITATION IN METHYL SUBSTITUTED ETHYLENES ( g = 0.300')
M olecule Symmetry P o l a r i z a t i o n E(ev)  
c a l c d .
E(ev)
e x p .*
E t h y l e n e ( b 0 ) 2- ( b .  ) ( b ,  ) ;A -*b2u'  2u 3g g lu
z 7 .12 7 .6 1 a
P ro p y le n e ( a " ) 2- ( a 7) ( a /;) ; A ' - A ' x , z 6 .7 4 7 . 17b
ISOB ( b 2 ) L ( b 2) ( b 2) ;Al-A x z 6 .26 6 . 5 8 C
c i s  B ( b 2) 2- ( b 2) ( a 2) jA^Bj^ z 6.67 7 .0 6 °
t r a n s  B (a ) 2-»(a ) (b ) ;A -*B u u g g u x , z 6 .4 4 6 . 9 7 °
TRIME ( a ”) 2-*(ay/) {a . " )  ;A  /-*A/ x , z 6 .5 0 6 . 9 0 a , 6 . 5 7 d
TETME
<b 2u>2- ' b 2u>( b 3g>;V Bl u
Z 6 .46 6 .7 8 a , 6 . 4 7 d
These  e x p e r i m e n t a l  e n e r g i e s  r e f e r  t o  
i n  t h e  Schumann r e g i o n  ( e  = 10^ ) .
t h e  second , s t r o n g t r a n s i t i o n
a R .S .  M u l l i k e n ,  Rev. Mod. P h y s . , 14 , 265 (1942 ) .
^G. H e r z b e r g ,  " E l e c t r o n i c  S p e c t r a  o f  P o ly a t o m ic  M o le c u l e s " ,  D. Van 
N o s t r a n d  C o . ,  1966,  p . 650.
°Gary and P i c k e t t ,  Chem. P h y s . . 2 2 ,  599 (1 9 5 4 ) .
^W.J.  P o t t s ,  J .  Chem. P h y s . . 23,  65 (1955 ) .
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TABLE I I I - 14
IONIZATION POTENTIALS OF METHYL SUBSTITUTED 
ETHYLENES ( g j  = 0 .300 )
Molecule I . P . ( e v ) ,  c a l c d . I . P . ( e v ) ,  exp.
E th y le n e 10.90 10 .5 a , 1 0 . 5 1 b , 1 0 . 4 5 C
P r o p y le n e 1 0 .0 2 9 . 7 3 ,  9 .7 3  , 9 . 6
ISOB 9 .3 8 8 . 9 5 ,  9 . 2 3 ,  ------
c i s  B 9 .43 9 . 1 3 ,  9 . 1 3 ,  ------
t r a n s  B 9 .3 4 9 .2 4 ,  9 . 1 3 ,  9 .2
TRIME 8 . 8 6 8 . 8 0 ,  8 . 6 8 , 8 .75
TETME 8.37 8 .3 0 ,  8 . 3 0 ,  8 . 3
a P r i c e ,  B r a l s f o r d ,  and H a r r i s ,  P r o c .  Roy. Soc.  ( London) . A258, 459 
(1.960).
bD.W. T u r n e r ,  Adv. P hys .  Org.  Chem.. 4,  64 (1 9 6 6 ) .
CP r i c e  and T u t t e ,  P r o c .  Roy. Soc.  (London) ,  174,  207 (1 9 4 0 ) .
TABLE I I I - 15
OUTPUT CHARGE. GROUND STATE DIPOLE MOMENTS. AND PERCENTAGE
I s . .  CHARACTER IN THE rr AND Tt* MO's FOR METHYL H
SUBSTITUTED ETHYLENES ( ^ = 0 . 3 0 0 )







P e r c e n t a g e
M olecu le C1 C2 (Debyes)
Is H
^ D y e s  ) :tt: :tr:*
E th y le n e
( P l a n a r )
4 .0 5 6 4 .0 5 6 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
E t h y le n e
(90°)
4 . 0 6 5 4 .061 ------ ------ - - - - —  -  - 12 .65 13 .72
P ro p y le n e 4 .0 8 9 4 .0 2 3 2 .31 1 .92 - 2 . 4 2 1 .29 6 .4 6 0 . 5 5
I  SOB 4.121 3 .9 9 2 0 . 4 4 - 0 . 2 8 0 . 0 0 . 3 4 9 .9 0 5.57
c i s  B 4 . 0 5 4 4 . 0 5 4 3 .8 4 - 3 . 8 4 0 . 0 - 0 . 1 4 11 .5 4 7 .18
t r a n s  B 4 . 0 4 4 4 . 0 4 4 0 .5 2 - 0 . 2 8 0 . 0 - 0 . 4 4 13 .85 6 .79
TRIME 4 .0 7 8 4 .0 1 5 2 . 2 2 - 1 . 6 5 - 1 . 4 2 x l 0 ' 3 1 .48 14 .50 10 .74
TETME 4 . 0 4 4 4 .0 4 4 0 . 5 2 0 . 4 8 - 0 . 2 1 0 . 0 2 1 . 6 8 13 .7 4
C^ and C^ r e p r e s e n t  t h e  two do u b le -b o n d e d  c a r b o n s .  The o u t p u t  c h a rg e s  
a r e  t h o s e  o u t p u t t e d  f rom ZEVC55. They r e p r e s e n t  t h e  e l e c t r o n i c  cha rge  
on t h e s e  two c e n t e r s ,  and t h e i r  d i f f e r e n c e s  f rom 4 .0 0 0  i n d i c a t e  t h e  
c h a rg e  a c c u m u la ted  by  t h e  d o u b le -bonde d  c a rb o n s  from t h e  m e thy l  g r o u p s .
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E x p e r i m e n t s 1
C a l c u l a t e d 0 .300)
10. .
8 . 5 -
a -
7.5..
ISOBt r a n s  B
6.5--
Number o f  Methyl  Groups 
F i g u r e  I I I - 2
I o n i z a t i o n  P o t e n t i a l s  and N -* V E n e r g i e s  









C a l c u l a t e d  (F = 0 .300)
■Experimental
40 2 31
Number o f  Methyl  Groups 
F i g u r e  I I I - 3
N -* R(3s)  and c  -* n* E n e r g i e s  in  Methyl  S u b s t i t u t e d
E t h y l e n e s
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n o t  a g r e e  w e l l  w i t h  what  one e x p e c t s  from th e  m o l e c u l a r  geom etry .
F o r  exam ple ,  t e t r a m e t h y l e t h y l e n e  shou ld  have a z e r o  d i p o l e  moment 
b u t  t h e  c a l c u l a t i o n s  p ro d u ce  s m a l l  moments i n  th e  x and y d i r e c t i o n s .  
T h i s  i s  due t o  me thy l  hyd rogens  b e i n g  f i x e d  r a t h e r  t h a n  f r e e l y  
r o t a t i n g .
I n  t h e  case  o f  t h e  i s o m e r i c  b u t e n e s  where  t h e  e f f e c t s  o f  
h y p e r c o n j u g a t i o n  and c h a rg e  t r a n s f e r  from th e  m e th y l s  a r e  more or  
l e s s  e q u a l ,  t h e  c a l c u l a t i o n s  p r e d i c t  t h a t  t h e  N -* V w i l l  l i e  a t  lower  
e n e r g i e s  i f  t h e  l a r g e s t  moment v e c t o r  l i e s  a lo n g  th e  a x i s  o f  
p o l a r i z a t i o n  ( z - a x i s  f o r  t h e  N -> V ) . T h i s  a g r e e s  w i t h  t h e  e x p e r i m e n t a l  
f i n d i n g s  o f  Gary and P i c k e t t .  The c a l c u l a t i o n s  a l s o  p r e d i c t  t h a t  th e  
l a r g e r  t h e  d i p o l e  moment o f  th e  m o lecu le  ( i n  th e  x and y d i r e c t i o n s ) ,  
t h e  l a r g e r  i s  t h e  N -♦ V e x c i t a t i o n  e n e r g y  ( z - p o l a r i z e d ) . The p r e d i c t e d  
o r d e r i n g  f o r  t h e  N -* V e n e r g y  i s  t h u s  c i s - b u t e n e - 2  >  t r a n s - b u t e n e - 2  > 
i s o b u t e n e .  T h i s  i s  t h e  o r d e r  found e x p e r i m e n t a l l y .
In  F i g u r e  I I I - 2  we: have p l o t t e d  the  c a l c u l a t e d  e n e r g i e s  
f o r  b o t h  t h e  o-o -* Tl* t r a n s i t i o n  o f  B e r ry  and th e  N -+ R(3s)  t r a n s i t i o n s  
o f  C a r r  and S t t i c k le n  and M u l l i k e n .  The l a t t e r  shows re m a rk a b le  
ag ree m en t  w i t h  t h e  e x p e r i m e n t a l  v a l u e s  f o r  t h e  f i r s t  a b s o r p t i o n  i n  
t h e  Schumann r e g i o n ,  and c l e a r l y  v e r i f i e s  t h e  N -* R(3s)  a s s i g n m e n t .
We n o te  t h a t  t h e  c a l c u l a t e d  v a l u e s  a g r e e  w i t h  t h e  e x p e r i m e n t a l  
o b s e r v a t i o n  t h a t  th e  N -* R(3s)  e n e r g y  v a r i e s  l i t t l e  w i t h i n  the  
i s o m e r i c  b u t e n e s ,  b e i n g  s e e m in g ly  dep en d e n t  o n l y  on t h e  number o f
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m ethy l  g r o u p s .
Computed o s c i l l a t o r  s t r e n g t h s  f o r  the  N -* V and N -* R(3s)  
t r a n s i t i o n s  a r e  g iv e n  i n  T a b l e s  111-16 and 111-17 ,  a l o n g  w i t h  
e x p e r i m e n t a l  v a l u e s  where r e p o r t e d .  We n o t i c e  f i r s t  t h a t  c a l c u l a t i o n s  
and e x p e r i m e n t  a g r e e  v e r y  w e l l  f o r  th e  N -+ V i n t e n s i t i e s .  Yet ,  
we f i n d  th e  computed f -num bers  to  be s m a l l e r  t h a n  th e  obse rved  ones  
f o r  t h e  N -* R ( 3 s ) .  They a r e  a bou t  two o r d e r s  of  magnitude  to o  sm al l  
f o r  e t h y l e n e  and one o r d e r  o f  magnitude  too  low f o r  t r i m e t h y l e t h y l e n e  
and t e t r a m e t h y l e t h y l e n e . I t  i s  f u r t h e r  p r e d i c t e d  t h a t  th e  i n t e n s i t y  
g e n e r a l l y  i n c r e a s e s  w i t h  i n c r e a s e d  m e t h y l a t i o n ,  w hereas  the  
e x p e r i m e n t a l  f - v a l u e  f o r  e t h y l e n e  i s  0 .0 3  and t h a t  o f  t e t r a m e t h y l ­
e t h y l e n e  i s  0 . 0 1 .
T h i s  a p p a r e n t  d e c r e a s e  i n  f - v a l u e  w i t h  i n c r e a s e d  m e t h y l a t i o n ,  
a l o n g  w i t h  t h e  d i s c r e p a n c y  be tween  p r e d i c t e d  and obse rved  i n t e n s i t i e s ,  
a g a i n  tem pted  us t o  i n v e s t i g a t e  t h e  v i b r o n i c  s t e a l i n g  mechanism 
m ent ioned  i n  S e c t i o n  I I I - B .  S ince  t h e  N -» R(3s)  i s  r e d - s h i f t i n g  
w i t h  r e s p e c t  t o  t h e  N -♦ V on a p pend ing  methyl  g r o u p s ,  the  v i b r o n i c  
s t e a l i n g  s h o u ld  d e c r e a s e  a s  one goes  to  t h e  l a r g e r  s e r i e s  members.
Using  th e  v i b r o n i c  m a t r i x  e l e m e n t  and e q u a t i o n  of A l b r e c h t  ( s e e  
S e c t i o n  I I I - B ) ,  we computed th e  f - v a l u e s  g iv e n  i n  T ab le  I IX -18 .
The mechanism o f  v i b r o n i c  s t e a l i n g  f rom th e  N -* V a c c o u n t s  n i c e l y  
f o r  th e  o b s e rv e d  i n t e n s i t i e s  and f o r  t h e  d e c r e a s e  i n  f - v a l u e  as  one 
goes  from z e r o  t o  f o u r  m e thy l  g r o u p s .
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TABLE I I I - 16 
CALCULATED f-NUMBERS* FOR THE N -> V TRANSITION
153s..= o.JOQ)
M olecu le ^ t o t a l f ED f MD f EQ ■^(exper im enta l)
E t h y l e n e 0 .2 8 0 0 .2 8 0 0 . 0 0 . 0 0 . 34±0 .15a , 0 . 2 9 b
P r o p y le n e 0 .2 8 0 0 .280 4 . 3 8 x l0 " 9 2 .1 8 x 1 0 " 8
ISOB 0 .3 0 2 0 .3 0 2 3 . 2 4 x 1 0 ' 9 2 . 6 2 x l 0 -8 ------
c i s  B 0 .3 1 9 0 .3 1 9 5 .25x10“ 10 8 .9 2 x 1 0 " 10 ------
t r a n s  B 0 .3 1 0 0 .3 1 0 0 . 0 0 . 0 ------
TRIME 0.327 0.327 4 . 5 4 x 1 0 "10 5 . 8 1 x 1 0 " 9 0 . 3 4 ± 0 . 0 9 C, 0 . 3 3 d
TETME 0 .3 3 2 0 .3 3 2 1 .5 1 x 1 0 " 10 3 .5 9 x 1 0 "10 0 . 4 5 ± 0 . 1 0 C, 0 . 3 3 °
ED = e l e c t r i c  d i p o l e ,  MD = m a g n e t i c  d i p o l e ,  EQ = e l e c t r i c  q u a d r u p o l e .
a P l a t t ,  K le v e n s ,  and P r i c e ,  J .  Chem. P h y s . . L7, 466 ( 1 9 4 8 ) .
■L. • I
Hammond and P r i c e ,  T r a n s .  F a r .  S o c . . 51,  605 (1 9 5 5 ) .
° P o t t s ,  J i .  Chem. P h y s . . 23,  65 (1955) .
d Semenow, H a r r i s o n  and C a r r ,  J .  Chem. P h y s . . 22 ,̂ 638 (1 9 5 4 ) .  
e R ob in ,  H a r t ,  and K u e b le r ,  J .  Chem. P h y s . . 44 ,  1803 (1 9 6 6 ) .
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TABLE I I I - 17
CALCULATED £ -NUMBERS FOR THE N -> R(3s)  TRANSITION
l ^ 3s = 0 .3 0 0 )
M olecule ^ t o t a l f ED f MD f EQ ^ ( e x p e r i m e n t a l )
E t h y le n e 1 . 0 8 x l 0 " 4 1 .08x10“ 4 0 . 0 0 . 0 0 .0 3 ± 0 .0 1 a , 0 . 0 4 b
P ro p y le n e 2 .1 6 x 1 0 " 4 2 .1 6 x 1 0 " 4 4 . 8 2 x 1 0 “ 8 8 . 86x 10"9 ------
ISOB 4 . 8 x l 0 "5 4 .8 x 1 0 "5 3 .9 9 x 1 0 “ 8 7 .6 7 x 1 0 “ 9 ------
c i s  B 3 . 5 2 x 1 0 ' 3 3 .5 2 x 1 0 " 3 7 . 0 6 x 1 0 " 8 1 .3 8 x 1 0 " 8
t r a n s  B 2 .5 0 x 1 0 " 3 2 . 5 0 x 1 0 " 3 0 . 0 0 . 0 ------
TRIME 9 . 9 0 x l0 " 4 9 . 90x l0~4 1 .9 4 x 1 0 "8 4 .0 2 x 1 0 “ 9 - 0 . 01°
TETME 1 . 20x 10"3 1 . 20x 10"3
-111 .05x10 - 1 22 .19x10 - 0 . 01°
a P l a t t ,  K le v e n s ,  and P r i c e ,  J .  Chem. P h y s . , 11^, 466 ( 1 9 4 0 ) .
^Hammond and P r i c e ,  T r a n s .  F a r .  S o c . ,  605 ( 1 9 5 5 ) .
c 3Approximated  from th e  molar  e x t i n c t i o n  c o e f f i c i e n t s  o f  10 r e p o r t e d
by s e v e r a l  w o r k e r s .
TABLE I I I - 18
CALCULATION OF f(N -» R (3s ) )  BY VIBRONIC STEALING 
FROM THE N -» V TRANSITION
Molecule f(N -+ R(3s)  )
E thy lene 0.081
P ropy lene 0.047
ISOB 0 .086
c i s  B 0 .045
t r a n s  B 0.069
I  RIME 0 . 0 1 2
TETME 0.0 1 4
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As m en t ioned  i n  S e c t i o n  I I I - B ,  M u l l ik e n  has  in fo rm ed us 
i n  a p r i v a t e  communica tion  t h a t  ou r  computed o s c i l l a t o r  s t r e n t h s  
a p p e a r  t o  be t o o  low. He e x p e c t s  th e  f -number  f o r  th e  N -♦ R(3s)  
o f  e t h y l e n e  t o  be ab o u t  t h e  same as  t h a t  c a l c u l a t e d  from th e  e l em en t  
( 3 P y | y | 4 s )  o f  th e  u n i t e d  s u l f u r  atom. We have found t h a t ,  u s in g  
s i n g l e  S l a t e r  o r b i t a l s ,  t h i s  v a l u e  a g r e e s  w e l l  w i t h  t h e  f -number  
o b t a i n e d  u s i n g  tw ic e  t h e  ca rbon  (2p | y | 3 s )  e l e m e n t .  I f  we assume 
th e  N -* R(3s)  t r a n s i t i o n  to  be p u re  C 2p^ -* 3s and m u l t i p l y  by th e  
a p p r o p r i a t e  MO c o e f f i c i e n t s ,  we o b t a i n  t h e  f - v a l u e s  g iv e n  i n  Tab le  
H I - 1 9 .  They show th e  p r o p e r  t r e n d ,  d e c r e a s i n g  w i t h  i n c r e a s i n g  
m e t h y l a t i o n ;  b u t ,  a g a i n ,  t h e y  a r e  two t o  t h r e e  o r d e r s  o f  magnitude 
too  low. The v i b r o n i c  s t e a l i n g  mechanism th u s  seems t o  be t h e  o n ly
means by w hich  we can  e x p l a i n  t h e  Rydberg i n t e n s i t i e s .
We n e x t  d e t e rm in e d  t h a t  r o t a t i o n  of  the  me thy l  g roups  
had l i t t l e  e f f e c t  on our  MWH c o m p u t a t i o n s .  Using p ro p y le n e  a s  a 
t e s t  c a s e ,  we r o t a t e d  th e  m e thy l  group by 30° i n t e r v a l s  u n t i l  a 
c o n f i g u r a t i o n  i d e n t i c a l  w i t h  t h e  i n i t i a l  one was r e a c h e d .  The 
r e s u l t s  (T ab le  111-20)  show t h e r e  was l i t t l e  e f f e c t  on th e  
N -* V and N -» R(3s)  t r a n s i t i o n s .
The MWH c o m p u ta t i o n s  were r e p e a t e d  on t h e s e  m o le c u le s  
u s i n g  P. = 0 . 4 8 3 .  The r e s u l t i n g  MO' s and t h e i r  e n e r g i e s  a r e
g iv e n  i n  T a b le  111-21 .  As was n o te d  i n  t h e  p r e v i o u s  s e c t i o n ,  a new
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TABLE I I I - 19
CALCULATION OF f  ^tt| v I R(3s)   ̂ IN METHYL SUBSTITUTED 
ETHYLENES ASSUMING PURE *^2pv^v^3s^ TIMES 
APPROPRIATE MO COEFFICIENTS
M olecu le f  <tt| yj  R(3s ) >
E t h y le n e 1 .8 5 x 1 0 " 3
P r o p y le n e 5 .4 0 x 1 0 " 4
ISOB 2.03x10
c i s  B 2 .1 3 x 1 0 " 4
t r a n s  B 2 .2 4 x 1 0 " 4
TRIME 1 .14x10“ 4
TETME 7 . 21x 10"5
TABLE I I I - 20 
EFFECT OF ROTATING THE METHYL GROUP IN PROPYLENE
( ? 3s = 0-300)
P o s i t i o n E(N-V) ev E(N-*R(3s))ev
1 - 5 6 .6 2 6 .49
2 6 .81 6.57
3 6.62 6 .49
4 6 .4 5 6 .4 3
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TABLE I I I - 21 
MO'S PREDICTED FOR METHYL SUBSTITUTED ETHYLENES
^ 3 S  = 0 .483 )
M olecu le MO Symmetry E(ev) P e r c e n t a g e  Rydberg
E t h y l e n e ffB b 2g - 1 2 . 0 4 0 . 0
t t , N b2u - 1 0 .8 9 0 . 0
o * ( 3 s , 2 s ) b l u
- 4 .0 8 4 5 .2
T f * , V b 3g
- 3 .78 0 . 0
R(3s) a
____ g ______
- 3 .43 8 8 . 0
P ro p y le n e aB a  f - 1 1 .8 7 0 . 0
r r , N a " - 9 .91 0 . 0
R*(2s) a ' - 4 .0 6 5 9 .2
n*,V a " - 3 .28 0 . 0
R(3s) a ' - 2 .92 5 1 .4
ISOB ffB b l
- 1 1 .6 9 0 . 0
t t , N b2
- 9 .41 0 . 0
R ( 2 s * ,3 s )
b l
- 3 .84 7 1 .6
R(3s)
a l
- 3 .00 54 .6
T T * , V b2
- 2 .7 8 0 . 0
c i s  B a B b l
- 1 1 . 4 0 0 . 0
t t , N
b ?
- 9 .47 0 . 0
R * ( 2 s ,3 s )
b l
- 3 .89 64 .75
a ( 3 s )
a l
- 3 .6 0 31 .21
T t * , V a 2
- 2 .78 0 . 0
t r a n s  B aB a g
a
u
- 1 1 .4 0 0 . 0
t t , N - 9 .3 4 0 . 0
R*(2s) b
u
- 5 .01 58 .2
R(3s) a
e
- 3 .12 73 .2
T t * , V b
g
- 2 .89 0 . 0
129
TABLE 111-21 (C o n tin u ed )
M olecu le MO Symmetry E(ev) P e r c e n t a g e  Rydberg
TRIME a ' - 1 1 .3 6 0 . 0
rr,N a " - 8 .91 0 . 0
R*(2s) a ‘ -  4 .7 3 56 .1
R(3s) a ' -  3 .4 4 6 9 .8
n*2V a " -  2 .3 8 0 . 0
TETME ctB b 2g
- 1 1 .0 3 0 . 0
rr,N b 2u -  8 .4 9 0 . 0
o * ( 2s) b l u - 5 .1 4 4 8 .7
R(2px) b 3u - 3 .6 4 6 6 . 5





-  1 .94 0 . 0
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l o w - l y i n g  MO now a p p e a r s  w hich  i s  R * ( 3 s ,2 s )  i n  e t h y l e n e ,  i . e .  an 
a n t i b o n d i n g  MO which  i s  o * (2 s )  and o * (3 s )  be tween t h e  doub le  bonded 
c a r b o n s .  We s h a l l  m a i n t a i n  t h e  n o t a t i o n  i n  which  t h e  i n f o r m a t i o n  
w i t h i n  t h e  p a r e n t h e s e s  g i v e s  bond ing  and a n t i b o n d i n g  c h a r a c t e r  
be tween  t h e  c a rb o n s  o f  t h e  doub le  bond.  The symbol R w i l l  now be 
used  t o  i n d i c a t e  more t h a n  507« Rydberg c h a r a c t e r  i n  th e  e n t i r e  MO.
The symbol a  w i l l  be used  t o  i n d i c a t e  l e s s  t h a n  h a l f  Rydberg 
c h a r a c t e r .  In  t h i s  new n o t a t i o n  th e  l o w e s t  u n f i l l e d  MO i n  e t h y l e n e  
(E^s = 0 .483 )  becomes o * ( 3 s , 2 s )  b eca u se  i t  has  45.27,  Rydberg c h a r a c t e r .  
The i o n i z a t i o n  p o t e n t i a l s ,  and e x c i t a t i o n  e n e r g i e s  f o r  a-g -* Tt*,
N -* R ( 3 s ) ,  and N -♦ V a r e  g iv e n  i n  T a b l e s  I I I - 2 2 -2 5 .  They a r e  a l l
r e l a t i v e l y  u n a f f e c t e d  by u s i n g  = 0 .4 8 3  i n s t e a d  o f  = 0 .3 0 0 .
However, a new t r e n d  now a p p e a r s  i n  th e  s e r i e s .  The 
N -♦ cj* ( 3 s , 2 s ) t r a n s i t i o n  (T a b le  1 1 1 - 2 6 )  now i s  t h e  l o w e s t  t r a n s i t i o n  
i n  e t h y l e n e .  I t  i s  s e e n  t o  s h i f t  g r e a t l y  w i t h  i n c r e a s e d  m e t h y l a t i o n ,  
and i n  a r e g u l a r  manner .  The c o m p o s i t i o n  i s  s e e n  t o  change a s  the  
symmetry o f  t h e  m o le c u le  c h a n g e s .  I n  f a c t ,  t h e  o r b i t a l  becomes 
R*(2s)  f o r  most o f  t h e  m o l e c u l e s .  From group t h e o r y  i t  i s  t h e  same 
MO t h r o u g h o u t  t h e  s e r i e s ,  b e i n g  b^u i n  b o t h  e t h y l e n e  and t e t r a m e t h y l -  
e t h y l e n e - - b o t h  o f  which  a r e  o f  D2^  symmetry.  We s h a l l  r e f e r  t o  t h i s
new l o w e s t - l y i n g  t r a n s i t i o n  a s  s im p ly  N -* R*.
Computed o s c i l l a t o r  s t r e n g t h s  f o r  t h e  t h r e e  l o w - l y i n g  
t r a n s i t i o n s  a r e  shown i n  T a b l e s  I I I - 2 7 -29 .  The N -* V v a l u e s  a r e
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TABLE I I I - 22
cr_ -♦ ti* EXCITATION ENERGIES IN METHYL SUBSTITUTED U
ETHYLENES ( g j  = 0 .483)
Molecu le Symmetry P o l a r i z a t i o n E(ev)
E t h y le n e A B, 
g l g
8 . 2 6
P r o p y le n e A ' -* A" y 8 . 9 5
ISOB A1 - A2
8 . 9 1
c i s  B A1 B2 y 8 . 2 6
t r a n s  B A -  B 8 . 5 1
g g
TRIME A '  -  A" y 8 . 9 8
TETME A -  B, 1 0 .1
g lg
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TABLE I I I - 23
N -> R(3s)  EXCITATION ENERGIES IN METHYL SUBSTITUTED ETHYLENES
L l 3 r r . 0-.A83)
Molecu le Symmetry P o l a r i z a t i o n E(ev)
E th y le n e A -+ B
g 2u y
7 .46
P ro p y le n e A '  -» A" y 6 .99
ISOB
A1 - B2 y
6 .41
c i s  B
A1 ~ B2 y
5.87
t r a n s  B A -» A y 6 . 2 2
g u
TRIME A '  -* A" y 5.47
TETME A -* B_ y 5 .39g 2u
TABLE I I I - 24
N -* V EXCITATION ENERGIES IN METHYL SUBSTITUTED ETHYLENES
Xg3s-=JUA8.3)
Molecule Symmetry P o l a r i z a t i o n E(ev)
E th y le n e A -* B-g lu
z 7 .11
P ro p y len e A '  -  A ' x , z 6 .63
ISOB A1 “* A1 z 6 .6 3
c i s  B A1 - * B1 z 6 .69
t r a n s  B A -* B x , z 6 .45
g u
TRIME > *
* I > ««
*
x , z 6 .35
TETME A -* B, z 6 .55g lu
TABLE I I I - 25
IONIZATION POTENTIALS OF METHYL SUBSTITUTED ETHYLENES
= ° ‘-4-83>
Molecu le I . P .  (ev )
E th y le n e 10.89
P ro p y le n e 9 .91
ISOB 9 .41
c i s  B 9.47
t r a n s  B 9 . 3 4
TRIME 8 .91
TETME 8 .4 9
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TABLE I I I - 26
N -  R* EXCITATION ENERGIES IN METHYL SUBSTITUTED ETHYLENES
1 5 3s = 0 . 4 8 3 )
Molecule Symmetry P o l a r i z a t i o n E(ev)
S th y le n e ( b .  ) 2-*(b_ ) (b  ) ;A -*B„ 2u7 '  2 u ' '  l u '  g 3g 6 .81
P ropy lene ( a " ) 2^ ( a " ) ( a  ' )  ;A'-A" y 5 .85
ISOB ( b 2 ) 2^ b 2 ) ( b 1 ) ; A l ^ A 2 5.57
c i s  B (b 2 ) 2- ( b 2) ( b 1) ; A x-A2 5 .58
t r a n s  B (a  ) 2-*(a ) (b ) ;A -*B u u '  u '  g g 4 .3 3
TRIME (a*)  2-*(a") (a  ' )  ;A'-A" y 4 .1 8
TETME ( b .  ) 2- ( b _  ) (b .  ) ;A -*B, 
2 u '  2u '  N l u '  g 3g 3 .35
TABLE I I I - 27
COMPUTED f-NUMBERS FOR THE N -  V TRANSITION IN METHYL
SUBSTITUTED ETHYLENES 
■ ( ^ 3 3 - =  0.4831
M olecu le ^ t o t a l f ED f MD f EQ
E t h y l e n e 0 .2 8 0 0 .2 8 0 0 . 0 0 . 0
P ro p y le n e 0 .281 0 .281 3 .7 5 x 1 0 "9 2 .1 3 x 1 0 “ 8
ISOB 0.301 0 .301 1 .15x10“ 9 3 .8 0 x 1 0 “ 8
c i s  B 0 .3 2 2 0 .3 2 2 2 . 66x 10“ 10 3 .80x10“ 11
t r a n s  B 0 .299 0 .2 9 9 0 . 0 0 . 0
TRIME 0.331 0 .331 4 . 4 9 x 1 0 “ 10 5 .59x10“ 9
TETME 0 .3 3 6 0 .336
- 1 06 .25x10 4 .9 0 x 1 0 “ 10
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TABLE I I I - 28
COMPUTED f-NUMBERS FOR THE N -  R(3s)  IN METHYL SUBSTITUED 
ETHYLENES ( g = 0 .483 )
Molecule ^ t o t a l f ED f MD f EQ
E th y le n e 3 .02x10 "3 3 .0 2 x 1 0 "3 0 . 0 0 . 0
P ro p y len e 1 .27x10“ 3 1 . 2 7 x 1 0 " 3 8 . 0 9 x 1 0 " 8 1 . 20x 10"8
ISOB 4 . 3 8 x 1 0 " 3 4 .3 8 x 1 0 " 3 6 . 3 5x10 "8 9 . 6 0 x 1 0 " 9
c i s  B 3 .6 4 x 1 0 " 3 3 . 6 4 x 1 0 " 3 2 . 2 4 x 1 0 " 9 1 .5 9 x 1 0 ”9
t r a n s  B 1 .6 5 x 1 0 " 2 1 . 6 5 x 1 0 " 2 0 . 0 0 . 0
TRIME 3 .0 9 x 1 0 " 3 3 . 0 9 x 1 0 " 3 5 . 6 4 x 1 0 " 8 1 . 02x 10"8
TETME 5 . 5 5 x l 0 - 3 5 . 5 5 x l 0 "3 - 1 23 .66x10 2 . 68x 10"12
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TABLE I I I - 29
COMPUTED f-NUMBERS FOR THE N -* R* TRANSITION 
IN METHYL SUBSTITUTED ETHYLENES 
H 3 s_^ 8 _31
M olecu le ^ t o t a l f ED f MD f EQ ^ ( e x p e r i m e n t a l )
E t h y l e n e 3 . 3 6 x 1 0 " 9 0 . 0 2 .74x10"9 6 .1 6 x 1 0 " 10 ------
P r o p y l e n e 3 . 0 7 x 1 0 " 3 3 . 0 7 x 1 0 " 3 7 . 9 2 x 1 0 " 10 3 .21x10 " 10 ------
ISOB 1 .3 6 x 1 0 “ 3 1 . 3 6 x 1 0 " 3 4 . 3 7 x 1 0 "9 - 1 09 .67x10 ------
c i s  B 4 . 0 6 x 1 0 " 3 4 .0 6 x 1 0 " 3 4 .1 2 x 1 0 "8 8 . 0 8 x 1 0 " 9 ------
t r a n s  B 1 . 0 6 x 1 0 " 7 1 . 01x 10"7 4 .5 9 x 1 0 "9 1 .1 4 x 1 0 " 9 ------
TRIME 5 .14x10  4 5 . 14x l0~4 1 .39x10 "8 2 .9 2 x 1 0 " 9 -5a1 .0 * 0 .5 x 1 0  3
TETME 6 .0 9 x 1 0 " 4 6 .0 9 x 1 0 " 4 - 1 06 . 68x 10 1 .49x10 " 10 - 5 34 .2 * 1 .0 x 1 0  J
These  r e f e r  t o  th e  o s c i l l a t o r  s t r e n g t h s  f o r  t h e  weak a b s o r p t i o n  i n  th e  
q u a r t z  r e g i o n  a s  r e p o r t e d  by P o t t s ,  J .  Chem. P h y s . , _23, 65 (1 9 5 5 ) .
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u n a f f e c t e d  by th e  use  o f  -  0*483,  w hereas  t h e  N -* R(3s)  v a l u e sj o
a r e  i n c r e a s e d .  The computed i n t e n s i t i e s  now a r e  w i t h i n  r e a s o n a b l e
ag reem en t  w i t h  e x p e r i m e n t ,  b e i n g  an o r d e r  o f  m agni tude  t o o  s m a l l
f o r  e t h y l e n e  and a b o u t  h a l f  t h e  e x p e r i m e n t a l  v a l u e  f o r  the  two
l a r g e s t  members o f  t h e  s e r i e s .  Hav ing  evoked t h e  v i b r o n i c  s t e a l i n g
mechanism b e f o r e  t h e s e  r e s u l t s  were  o b t a i n e d ,  we now wonder a t  i t s
n e c e s s i t y .  Ye t ,  we can n o t  see  why such  a p r o c e s s  canno t  o c c u r  s i n c e
i t  a c c o u n t s  so w e l l  f o r  t h e  i n t e n s i t i e s  o b s e r v e d .  I t  s t i l l  seems
a n e c e s s a r y  a s s u m p t i o n  i n  t h e  c a s e  o f  e t h y l e n e .
T ab le  I I I - 29 shows t h e  N -*R* t r a n s i t i o n s  t o  have th e
p r o p e r  e n e r g y  and i n t e n s i t y  i n  t r i m e t h y l e t h y l e n e  and t e t r a m e t h y l -
e t h y l e n e  to  make i t  a c a n d i d a t e  f o r  t h e  f i r s t  weak t r a n s i t i o n  i n
l i q u i d  o l e f i n s .  S in c e  t h e  t r a n s i t i o n  has  been  o b s e rv e d  o n l y  i n  l a r g e r
o l e f i n s  w hich  e x i s t  a s  l i q u i d s  a t  room t e m p e r a t u r e ,  i t  would be
i n t e r e s t i n g  t o  see  i f  t h e y  a r e  g r e a t l y  b l u e - s h i f t e d  a s  m e thy l  g roups
a r e  removed.  A cco rd ing  t o  t h e  c o m p u t a t i o n s ,  t h e  t r a n s i t i o n  shou ld
be v e r y  much weaker  i n  t r a n s - b u t e n e - 2 .
Tha t  t h i s  w e a k e s t  t r a n s i t i o n  o b s e rv ed  i n  a b s o r p t i o n  i s
N -* T o r  N -* T a r e  a l s o  p o s s i b i l i t i e s .  We have p e r fo rm ed  s p i n - o r b i t  
R
c o u p l i n g  c o m p u ta t i o n s  on th e  s e r i e s  and o b t a i n e d  t h e  r e s u l t s  shown 
i n  T a b le  111-30 .  The c a l c u l a t e d  o s c i l l a t o r  s t r e n g t h s  a r e  much lower
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TABLE I I I - 30
SPIN-ORBIT COUPLING RESULTS FOR METHYL SUBSTITUTED ETHYLENES
Molecule f  (N -  T) f (N -  3R(3s) )
• E t h y l e n e 1 . 5 7 x l 0 - 9 3 . 8 8 x l0 -7
P ro p y le n e 1 . 3 1 x l 0 ~ 9 2 . 22x 10“ 6
ISOB 1.35x10 8 6 .55x10“9
c i s  B 9 .9 3 x 1 0 “ 10 2 .53x10 “9
t r a n s  B 1 .0 4 x 1 0 “ 9 1 .71x10“ 7
TRIME 8 . 45 x 1 0 “ 10 1 .75x10“8
I
iTETME 1.63x10“ 10 1 .40x10“ 9
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t h a n  t h o s e  r e p o r t e d  by P o t t s  f o r  t r i m e t h y l e t h y l e n e  and t e t r a m e t h y l -
e t h y l e n e .  On th e  b a s i s  o f  t h i s  c a l c u l a t i o n  i t  would a p p e a r  t h a t  th e
l o w -e n e rg y  t r a n s i t i o n  i n  o l e f i n s  i s  n e i t h e r  N -* T nor  N -* T . However,
R
i t  i s  o f  c o u r s e  p o s s i b l e  t h a t  th e  c a l c u l a t e d  v a l u e s  may be t o o  low
b eca u se  o f  t h e  o n e - c e n t e r  a p p r o x i m a t i o n .  A ls o ,  t h e  e x p e r i m e n t a l
v a l u e s  may be h i g h  owing t o  a b s o rb e d  oxygen enhancement of  the
Sq -> p r o c e s s .  T h i s  would b r i n g  c a l c u l a t i o n  and e x p e r im e n t  more
i n t o  l i n e  so  t h a t  t h e  H -*T and N -* T a s s ig n m e n t s  a r e  s t i l l  p o s s i b l e .
R
A l th o u g h  th e  VESCF-CI p rograms can h a n d le  o n ly  p l a n a r
p i - s y s t e m s ,  we i n p u t t e d  th e  o u t p u t  c h a rg e s  from ZEVC55 and t r e a t e d
th e  me thy l  g roups  a s  i n - p l a n e  h y d ro g e n s .  We hoped t h i s  would g ive
us some i d e a  o f  how th e  N -* T s h i f t s  w i t h  i n c r e a s e d  n e g a t i v e  charge
t r a n s f e r  from th e  m e t h y l s .  The r e s u l t s  a r e  shown i n  T ab le  111-31 .
The ag reem en t  w i t h  t h e  s m a l l  o b s e rv e d  s h i f t  i n  t h e  w e a k e s t  o l e f i n
t r a n s i t i o n  i s  q u i t e  good,  a g a i n  p o i n t i n g  to  th e  N -* T a s s ig n m e n t .
The c h o i c e  between N -* R* o r  N -* T ( o r  N -♦ T ) can be e a s i l y  made
R
by e x p e r i m e n t a l l y  o b s e r v i n g  t h i s  t r a n s i t i o n  i n  t h e  m e th y la t e d  s e r i e s .
I f  i t  s h i f t s  g r e a t l y  w i t h  d e c r e a s e d  m e t h y l a t i o n  i t  would a p p e a r  to
be N -* R*. I f  t h e  s h i f t  i s  s m a l l ,  i t  would l i k e l y  be N -* T ( o r
N -* T ) .  R igo rous  d e g a s s i n g  a n d / o r  f l u s h i n g  w i t h  N_ sh o u ld  d e c r e a s e  
R 2
i t s  i n t e n s i t y  i f  i t  i s  s i n g l e t  -* t r i p l e t ,  b u t  have no e f f e c t  on th e  
N -  R*.
TABLE I I I - 31
VESCF-CI RESULTS FOR THE N -  T TRANSITION OF METHYL 
SUBSTITUTED ETHYLENES
Molecule E(S -* T‘ ) ev
O J.
E t h y l e n e 4 . 3 4
P ro p y len e 4 .3 0
ISOB 4.27
c i s  B 4 .27
t r a n s  B 4 .26
TRIME 4 .2 4
TETME 4 .2 3
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(D) C o m p u ta t i o n a l  R e s u l t s  on M e t h y l e n e c y c l o a l k a n e s .  C y c l o a l k y l i d e n e -
c v c l o a l k a n e s .  and C y c l i c  M o n o - O l e f i n s : Computa t ions  were  done on th e s e
m o l e c u le s  t o  s ee  what  e f f e c t  c r - s t r a i n  has  on th e  o r d e r i n g  o f  the MO
e n e r g i e s .  M e t h y l e n e c y c l o a l k a n e s  a r e  r i n g  compounds w i t h  a m e thy lene
group d o u b le -bonde d  t o  a c a rb o n  o f  t h e  r i n g .  They a r e  n a t u r a l
e x t e n s i o n s  of  a s e r i e s  s t a r t i n g  w i t h  e t h y l e n e  and i s o b u t e n e .  The
c y c l o a l k y l i d e n e c y c l o a l k a n e s  a r e  two r i n g s  j o i n e d  by a doub le  bond
and a r e  e x t e n s i o n s  o f  a s e r i e s  b e g i n n i n g  w i t h  e t h y l e n e  and t e t r a -
m e t h y l e t h y l e n e . A l l  were t r e a t e d  as  p l a n a r  r i n g  s y s t e m s .  Tab le  111-32
g i v e s  t h e  MO's o b t a i n e d  f o r  t h e  m e thy lene  c y c l o a l k a n e s  u s in g
I  = 0 . 3 0 0 .  I t  i s  i n t e r e s t i n g  to  n o te  t h a t  i n  m e th y le n e c y c lo p ro p a n e  j  s
and m e t h y le n e c y c lo p e n ta n e  a l o w - l y i n g  MO, tf*(2p ) ,  i s  o b t a i n e d  which
X
i s  m o s t l y  v a l e n c e - s h e l l  i n  c h a r a c t e r .  I t  l i e s  above th e  it -♦ rf*1 
however i n  b o t h  c a s e s .  M e t h y l e n e c y c l o p e n ta n e  a l s o  e x h i b i t s  a p u r e l y  
v a l e n c e - s h e l l ,  second rr-MO-—i t / .  Tab le  111-33  r e v e a l s  t h a t  t h e  t r e n d s  
o b s e rv e d  f o r  t h e  m e thy l  s u b s t i t u t e d  e t h y l e n e s  a r e  n o t  so r e g u l a r  i n  
t h e s e  m o l e c u l e s .  The a b i l i t y  o f  t h e  t h r e e  and f i v e  membered r i n g s  
t o  e n t e r  i n t o  r e s o n a n c e  and lower  th e  rr -* T(* t r a n s i t i o n  i s  v e r y  
e v i d e n t .  The MO's w h ich  r e s u l t  when ? = 0 .4 8 3  i s  used a r e  shown
J S
i n  T ab le  111-34 .  T h i s  l e a d s  t o  a d d i t i o n a l  l o w - l y i n g  Rydberg o r b i t a l s .
The r e s u l t s  f o r  two c y c l o a l k y l i d e n e c y c l o a l k a n e s  a r e  shown i n  
T ab le  I I I - 35 f o r  | 3 = 0 .3 0 0  and T ab le  I I I - 36 f o r  = 0 . 4 8 3 .  Here
a g a i n  we e n c o u n t e r  s e v e r a l  l o w - l y i n g  o r b i t a l s  which  a r e  e i t h e r
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TABLE I I I - 32 
LOW-LYING MO'S IN METHYLENECYCLOALKANES
( § 3g = 0-300)
M olecule MO Symmetry
(C2v>
E(ev ) P e r c e n t a g e  Rydberg
M e th y len ecy c lo p ro p an e a B b l - 1 1 . 8 8
0 . 0
TT b2 - 1 0 .6 7
0 . 0
T t * b 2 - 5 .3 3 0 . 0
R(3s) a l - 3 .6 3
8 3 . 6
cr*(2px) b l - 3 .5 0
2 5 . 0
M e th y le n e c y c lo b u ta n e ° b b l - 1 0 .8 7
0 . 0
TT b 2
- 9 . 3 4 0 . 0
R(3s) a l - 3 .1 8 9 4 .7
11* b 2 - 2 .7 8
0 . 0
M e th y le n e c y c lo p e n ta n e a B b l - 9 .1 8
0 . 0
TT b 2
- 8 .9 3 0 . 0
R(3s,2pz] a l - 3 .3 6
7 3 . 8
n*
b2
- 2 .46 0 . 0
R ( 3 s , 2 s ^ a l - 2 .1 6
6 6 . 2
T T7 b 2
- 1 .23 0 . 0
t f*(2px) b l - 1 .15
8 . 0
TABLE I I I - 33 
EXCITATION ENERGIES IN THE METHYLENECYCLOALKANES
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X§3s_ = -0 13001
Molecule T r a n s i t i o n E(ev)
E th y le n e *B - 8 .2 5
ISOB 8.87
M ethy lenecyc lop ropane 6 .5 5
M e th y le n e c y c lo b u ta n e 8 .0 9
M e th y l e n e c y c lo p e n ta n e 6 .7 2
E th y le n e N -  R(3s) 7 .4 5
ISOB 6 .06
M eth y len ecy c lo p ro p an e 7 .0 4
M e th y le n e c y c lo b u ta n e 6 .16
M e th y l e n e c y c lo p e n ta n e 5 .57
E t h y le n e N -* V 7 .13
ISOB 6 .6 2
M e th y len ecy c lo p ro p an e 5 .34
M e th y le n e c y c lo b u ta n e 6 .56
M e th y l e n e c y c l o p e n ta n e 6 .47
E t h y le n e I o n i z a t i o n  P o t e n t i a l 10 .91
ISOB 9 .3 8
M eth y le n e c y c lo p ro p a n e 10 .67
M e th y le n e c y c lo b u ta n e 9 .3 4
M e th y l e n e c y c l o p e n ta n e 8 .9 3
TABLE I I I - 34
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LOW-LYING MO's IN METHYLENECYCLOALKANES
i h s  =■
M olecule MO E(ev) P e r c e n t a g e  Rydberg
M e th y le n e c y c lo p ro p a n e
ctb
- 1 1 . 9 6 0 . 0
TT - 1 0 . 7 0 0 . 0
CT*(2px) - 6 .51 3 0 . G
T T * - 5 .3 3 0 . 0
a ( 2 s * , 2 p z , 3 s ) - 4 . 8 3 4 3 .2
R ( 3 s ,2 s * ) - 3 .8 5 5 7 .0
M e th y l e n e c y c l o b u ta n e a B - 1 1 . 0 5 0 . 0
TT - 9 .39 0 . 0
R ( 3 s ,2 s * ) -  4 . 2 4 55.1
R*(2px) - 2 . 8 8 5 1 .6
T T * - 2 .8 0 0 . 0
R ( 2 s * ,3 s ) - 2 .7 4 7 2 .2
M e th y l e n e c y c l o p e n ta n e
ctb
- 9 .1 6 0 . 0
TT -  9 .0 2 0 . 0
a ( 2 s * , 3 s ) - 5 .32 4 3 . 0
a* ( 2px) -  4 .57 1 5 .4
T T * -  2 .5 0 0 . 0
R ( 3 s ,2 s * ) -  1 .99 7 7 .4
147
TABLE I I I - 35 
LOW-LYING MO'S IN CYCLOALKYLIDENECYCLOALKANES
1 5 3 s ..
Molecu le MO Symmetry
(C2v>
E(ev) P e r c e n t a g e
Rydberg
C y c l o p r o p y l id e n e c y c l o p r o p a n e
ctb b l - 1 1 .7 7 0 . 0
TT b2 - 1 0 . 3 0 0 . 0
T t * b2 -  5 .8 4 0 . 0
o * ( 2s)
a l
- 4 .77 2 7 .5
a ( 2px) b l - 3 .9 4 33 .2
R(3s) a l -  3 .6 0 8 3 .3
T T7 b2 -  3 .22 0 . 0
o * ( 2px) b l -  3 .20 6 . 0
C y c l o b u t y l i d e n e c y c l o b u t a n e
ctb b l - 1 0 . 3 5 0 . 0
TT b 2 - 8 .3 0 0 . 0
R(3s) a l - 3 .23 91 .7
a * ( 2s) a l - 3 .2 2 1 0 . 8
T T * b2
- 1 .99 0 . 0
R * ( 2 s ,3 s ) a l - 1 .43 77 .1
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TABLE I I I - 36
LOW-LYING MO'S IN CYCLOALKYLIDENECYCLOALKANES 
l g 3s. . = ^ d 8 3 ) .
M olecu le MO E(ev) P e r c e n t a g e
Rydberg
C y c l o p r o p y l id e n e c y c l o p r o p a n e a B - 1 1 . 9 6 0 . 0
TT - 1 0 . 3 5 0 . 0
o ( 2px) - 7 .08 4 0 . 3
cr(2s) - 6 .43 3 6 .2
o * ( 2px) - 6 . 1 2 16 .1
Tt* - 5 .84 0 . 0
R (2 p z ,3 s ) - 3 .8 0 5 0 .3
T T / -  3 .21 0 . 0
a ( 2px) - 2 . 6 6 0 . 0
C y c l o b u t y l i d e n e c y c l o b u t a n e a B - 1 0 . 5 6 0 . 0
TT -  8 .4 2 0 . 0
a * ( 2 s) - 4 .4 1 8 4 .8
R(2px) -  3 .92 6 2 .3
a ( 3 s ) -  3 .1 5 3 5 .6
R * ( 3 s ,2 s ) - 3 .0 4 6 6 .3
R (3 s ,2 p z ) -  2 . 2 4 74 .9
Tt* - 2 .0 4 0 . 0
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v a l e n c e - s h e l l  o r  Rydberg ,  o r  a m i x tu r e  o f  th e  two.
Three c y c l i c  m o n o -o le f in s - -c y c lo p r o p e n e ,  cyc lob u ten e  and 
c y c lo p e n te n e --w e r e  t r e a te d  as  having p lanar r i n g s .  The assum ption  
o f  p la n a r i t y  i s  probably  not a bad one. However, cy c lo p en te n e  i s  
known to  have four carbons in  p lane and one carbon about 10° out 
o f  p la n e .  The r e s u l t s  u s in g  = 0 .300  and = 0 .4 8 3  are shown 
in  T ab les  111-37 and 38.  Here we encou nter  the unusual op p ortu n ity  
o f  having e x t e n s iv e  p i - d e l o c a l i z a t i o n  in v o lv in g  pTT o r b i t a l s  o f  the  
r in g ,  w ith  the r e s u l t  th a t  cyc lob u ten e  and cy c lo p en te n e  e x h ib i t  
s e v e r a l  lo w - ly in g  tt-MO's. We denote them as tt or n* accord in g  to  
t h e i r  bonding or an t ib o n d in g  ch a ra c te r  w ith  r e s p e c t  to  the double
bond. The h ig h e s t  f i l l e d  tt-MO and the  low est  u n f i l l e d
are d e s ig n a te d  tt and ti* a s  in  the p rev io u s  m o le c u le s .  Any other  
TT-type MO's are primed in  our n o t a t io n .
In  c y c l o b u t e n e  t h e  s e c o n d - h i g h e s t  f i l l e d  MO i s  n o t  a  ,
D
b u t  a t  - 1 1 . 8 9 e v .  The h i g h e s t  f i l l e d  tt-MO i s  TTCbp a t
- 1 0 . 3 3 e v .  A l l  t r a n s i t i o n s  be tween  pi -MO's  a r e  a l l o w e d ,  b e i n g  
x - p o l a r i z e d  i f  A^ -* A^ and y - p o l a r i z e d  i f  A^ -♦ T h i s  m o lecu le
cou ld  t h u s  d i s p l a y  t h r e e  l o w - l y i n g  tt,tt t r a n s i t i o n s :  tt*7 -* TT*
(A^ -* A p  a t  7 . 6 6 e v ,  tt -*tt' (A^ -♦ A^) a t  7 . 0 5 e v ,  and tt -* it*
(A^ -♦ I ^ )  a t  6 . 1 0 e v .  We would t h u s  e x p e c t  th e  a b s o r p t i o n  s p e c t ru m  
t o  e x h i b i t  a  v e r y  b ro a d  a b s o r p t i o n  p eak  composed o f  t h e s e  o v e r ­
l a p p i n g  t r a n s i t i o n s .  T h i s  a g r e e s  w e l l  w i t h  t h e  s p e c t r u m  r e p o r t e d
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TABLE 111*37
LOW-LYING MO'S IN CYCLIC MONO-OLEFINS 
l g 3s =- 0 ^ . 300)
M olecule MO Symmetry
(C2v>
E(ev) P e r c e n t a g e  Rydberg
C yc lop ropene
a B b ! “ 12.13 0 . 0
TT b 2 -  9 .41
0 . 0
T t * a 2 -  3 .88 0 . 0
R(3s) a l -  3 .36 9 7 .3
C y c lo b u ten e
a B b l - 1 2 .0 3 0 . 0
T T * ' a 2 - 1 1 .8 9 0 . 0
TT b2 - 1 0 .3 3 0 . 0
T T* a 2 - 4 .2 3 0 . 0
R(3s) a i - 3 .65 84 .7
t t ' b 2 - 3 .28 0 . 0
0* ( 2s , 2px) b i - 3 .24 14 .6
C y c lo p e n te n e aB b i - 1 2 . 1 5 0 . 0
t t ' b2 - 1 2 .0 6 0 . 0
T t b2
- 9 .5 0 0 . 0
T t * a 2 - 4 .1 6 0 . 0
R(3s) a l - 3 .6 4 76 .8
ct*(2s , 2px) b l - 2 .34 18 .6
t t " b2 - 2 .1 4 0 . 0
a ( 3 s , 2 s ) a i - 1 .42 25 .9
T t * ' a 2 - 0 .31 0 . 0
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TABLE I I I - 38 
LOW-LYING MO'S IN CYCLIC MONO-OLEFINS




Cyclopropane b l -1 2 .1 7
0 .0
TT b2 - 9 .42
0 .0
cf*(3s, 2s) b l - 4 .5 8
38 .6
ct( 3 s , 2s) a i - 4 .32
29 .1
TT* a 2
- 3 .88 0 .0
Cyclobutene aB bl
- 1 2 .1 6 0 .0
Tf*' a 2 - 11 .87
0 .0
TT b 2
- 1 0 .3 8 0 .0
a * ( 2s) b ! - 6 .36 15 .5
a ( 3 s , 2 s ) a i - 4 .57 4 0 . 4
Tt* a 2
- 4 .2 5 0 .0
tt' b 2 - 3.27
0 .0
a * ( 3 s , 2 s ) b l
- 2 .89 4 0 .9
R ( 3 s , 2 s ) a l
-  2 .26 8 4 .0
Cyclopentene
ctb b l
- 1 2 .2 3 0 .0
TT7 b 2 - 1 2 .0 8
0 .0
TT b2 - 9 .51
0 .0
a ( 2p z , 2 s ,  
2p x , 3 s ) 3 1
- 5 .33 17 .2
0* ( 2 s) b l - 5 .20
20 .6
TT* a 2
- 4 .18 0 .0
R ( 3 s , 2 s ) a l - 2 .35 6 7 .3
//
r\ b 2
- 2 .15 0 .0
t f * (3 s ,2 s ) bl - 1 .99
3 4 .3
R ( 3 s , 2 s ) a l - 1 .50 71 .9
TT*' a 2 - 0 .31
0 .0
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by L o e f f l e r ,  E b e r l i n  and P i c k e t t  ( s e e  C h ap te r  11-28)  which  shows 
c o n t in u o u s  s t r o n g  a b s o r p t i o n  i n  c y c l o b u t e n e  from 50 ,000  t o  6 5 ,000  cm
The same i s  t r u e  of  t h e  s p e c t ru m  of  c y c l o p e n te n e  a s  r e p o r t e d  
by P i c k e t t ,  Muntz and McPherson ( s e e  C h a p te r  1 1 - 2 1 ) .  I n  t h i s  case  
th e  it, tt t r a n s i t i o n s  a r e  s e p a r a t e d  enough so t h a t  a band maximum i s  
o b s e rv ed  a t  ab o u t  56 ,000  cm b u t  th e  a b s o r p t i o n  i s  v e r y  s t r o n g  from 
50 ,000  t o  65 ,000  cm
T h e  c o m p u t a t i o n s  a g a i n  p r e d i c t  t h a t  a - s t r a i n  i n  t h e  m o l e c u l e  
p r o d u c e s  l o w - l y i n g  a  a n d  a *  o r b i t a l s  w i t h  v a r y i n g  d e g r e e s  o f  R y d b e r g  
c h a r a c t e r .
CHAPTER IV
EXPERIMENTAL RESULTS
(A) C hem ica l s  and I n s t r u m e n t a t i o n : The o l e f i n s  used i n  t h i s
s t u d y  were a v a i l a b l e  i n  r e s e a r c h  g r a d e s  and were used w i t h o u t  f u r t h e r  
p u r i f i c a t i o n .  A l l  were  p u rc h a s e d  from P h i l l i p ' s  P e t ro l e u m  Company 
e x c e p t  t e t r a m e t h y l e t h y l e n e  w hich  was o b t a in e d  from A l d r i c h  Chemical  
Company. The quo ted  p u r i t y  s p e c i f i c a t i o n s  were a s  f o l l o w s :
E t h y l e n e - - 9 9 . 9 5  mole p e r c e n t  a s  d e t e rm in e d  by mass s p e c t r o m e t r y .
Most p r o b a b l e  i m p u r i t i e s  a r e  e th a n e  and methane.
P r o p y l e n e - 9 9 . 9 9  mole p e r c e n t  a s  d e t e rm in e d  by mass s p e c t ro m e t ry . -  
Most p r o b a b l e  i m p u r i t y  i s  p ropane .
I s o b u t e n e - 9 9 . 95 mole p e r c e n t ;  d e t e rm in e d  by GLC. Most p r o b a b le  
i m p u r i t y  i s  b u t e n e - 1 . 
c i s - B u t e n e - 2 - 9 9 . 94 mole p e r c e n t ;  d e t e rm in e d  by GLC and f r e e z i n g
p o i n t  m easurm ents .  Most p ro b a b le  i m p u r i t i e s  a r e  t r a n s -  
b u t e n e - 2  and 1 , 3 - b u t a d i e n e .  
t r a n s - B u t e n e - 2- 9 9 . 6 3  mole p e r c e n t ;  d e t e rm in e d  by GLC, f r e e z i n g
p o i n t  measurements  and i n f r a r e d  sp ec t ru m .  Most p ro b a b le  
i m p u r i t y  i s  b u t e n e - 1  w i t h  a t r a c e  o f  n - b u t a n e .  
T r i m e t h y l e t h y l e n e - 9 9 . 8 6  mole p e r c e n t .  No i m p u r i t i e s  could  be
determ ined by GLC a n a l y s i s .  Most probable im p u r it ie s  
are c i s - p e n t e n e - 2 ,  t r a n s -p e n te n e -2  and 2 -m eth y lb u ten e-2 .
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T e t r a m e t h y l e t h y l e n e -No p u r i t y  s p e c i f i c a t i o n s  were g iv e n  o t h e r  t h a n  
t h e  d e s i g n a t i o n  " p u r i s s "  which A l d r i c h  q u o t e s  a s  b e in g  
9 9 .9  ( p l u s )  % p u r e .
C yc lohexene- 9 9 . 9 4  mole p e r c e n t ;  d e t e rm in e d  by GLC. Most p r o b a b l e  
i m p u r i t y  i s  c y c l o h e x a n e .
C y c l o p e n te n e - 9 9 . 99 mole p e r c e n t ;  d e t e rm in e d  by GLC. Most p r o b a b l e  
i m p u r i t y  i s  c y c l o p e n t a n e .
The sp ec t ru m  o f  e t h y l e n e  shown i n  F i g u r e s  I V - 1 ,2  and 3 was
o b t a i n e d  u s i n g  a McPherson model 225 o n e -m e te r  s c a n n in g  monochromator
equ ipped  w i t h  th e  model 665 doub le  beam a t t a c h m e n t  and model  781
r a t i o  r e c o r d i n g  sys tem .  The s o u rce  was a McPherson model 630
vacuum U.V. l i g h t  s o u rc e  o p e r a t e d  w i t h  a s low f low  o f  h y d ro g e n  g a s .
L i th iu m  f l u o r i d e  windows were used i n  th e  l i g h t  s o u r c e  and t h e
10 cm sample and r e f e r e n c e  c e l l s .
The vapor  s p e c t r a  o f  th e  m e thy l  s u b s t i t u t e d  o l e f i n s ,
e t h y l e n e ,  c y c l o p e n te n e  and cyc lohexene  shown i n  F i g u r e s  IV-4  th r o u g h
IV-13 were  r u n  on a Cary Model 15 r e c o r d i n g  s p e c t r o p h o t o m e t e r .  A
vacuum l i n e  was c o n s t r u c t e d  a t  the  i n s t r u m e n t  w hich  a l lo w ed  e a s y
-  4>
sam pl ing  and d e g a s s i n g  of  th e  o l e f i n s .  P r e s s u r e s  a s  low a s  10 mm 
were o b t a i n a b l e  w i t h  a Welch 1402B vacuum pump. P r e s s u r e s  above 
1 mm were measured  w i t h  a " S p e e d iv a c "  t o r r  gauge m a n u fa c tu r e d  by 
E dw ard ' s  High Vacuum L t d .  P r e s s u r e s  below 1 mm were  measured u s in g
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a Veeco Model DV-1M the rm ocoup le  gauge and Model RG-31X gauge c o n t r o l .  
T h i s  gauge was c a l i b r a t e d  a g a i n s t  a V a c u s t a t  McLeod gauge from 
E d w ard ' s  High Vacuum L t d .  The sample c e l l  was p a r t  o f  t h e  vacuum 
s y s t e m  and cou ld  be i s o l a t e d  a t  a c o n s t a n t  v a p o r  p r e s s u r e  of  the  
o l e f i n  b e in g  s t u d i e d .  C e l l s  were o b t a i n e d  from Aminco i n  p a t h l e n g t h s  
o f  0 . 1 ,  1,  10 and 100 mm. They were c o n s t r u c t e d  o f  f u s e d  s i l i c a  w i t h  
f a r  U.V. " u l t r a s i l "  windows.
The l i q u i d  o l e f i n  s p e c t r a  i n  F i g u r e s  IV-14  t h r o u g h  IV-17 
were ru n  on th e  Cary  15.  C e l l s  were  S a r g e n t  f a r  U.V. s i l i c a  w i t h  
p a t h l e n g t h s  o f  1 mm and 1 cm. The i s o m e r i c  b u t e n e s  were  c o l l e c t e d  
i n  t h e  sample c e l l  a t  d r y - i c e  t e m p e r a t u r e s .  They were m a in t a i n e d  
a s  l i q u i d s  by : : f lowing Ng v a p o r  f rom l i q u i d  n i t r o g e n  t h r o u g h  a 
s p e c i a l l y  c o n s t r u c t e d  c e l l - h o l d e r .
(B) E x p e r i m e n t a l  R e s u l t s :  E t h y l e n e : The i n i t i a l  a b s o r p t i o n  i n
e t h y l e n e  v a p o r ,  which  i s  p a r t  o f  t h e  b road  N -* V t r a n s i t i o n ,  i s  
shown i n  F i g u r e  I V - 1.  Breaks  i n  t h e  cu rve  c o r r e s p o n d  t o  d e c r e a s e s
i n  c o n c e n t r a t i o n .  The f r e q u e n c i e s  o b s e rv e d  a g r e e  w e l l  w i t h  t h o s e
1-21  1-37reported  by W ilk in son  and M ulliken  and McDiarmid and Charney
We a r e  u n a b le  t o  say  a n y t h i n g  r e g a r d i n g  w h ich  o f  t h e  two a s s ig n m e n t s
o f  t h e  s p a c i n g s  i s  c o r r e c t .  The a s s ig n m e n t  by  W i l k i n s o n  and M u l l ik e n
o f  t h e  s p a c i n g s  a s  c o m b in a t io n s  o f  t w i s t i n g  and C=C s t r e t c h i n g
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v(cm ^xlO 
F i g u r e  IV -1
Long-Wave l e n g th  T a i l  on th e  E th y le n e  N -* V T r a n s i t i o n
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1 -4 7i n  th e  e x c i t e d  s t a t e .  T h i s  seems v e r y  r e a s o n a b l e .  However, McDiarmid 
has  p o i n t e d  o u t  t h a t  t h e r e  i s  no e x p e r i m e n t a l  e v i d e n c e  t o  v e r i f y  
t h i s  a s s u m p t i o n .  T h e i r  a s s ig n m e n t  o f  th e  a p a c in g s  a s  b e in g  t w i s t i n g  
v i b r a t i o n s  f i t s  t h e  d a t a  i f  one assumes  l i t t l e  o r  no i n c r e a s e  i n  t h e  
doub le -bond  l e n g t h  on g o in g  from t h e  N s t a t e  t o  t h e  V s t a t e .
F i g u r e s  IV-2 and IV-3 show th e  a b s o r p t i o n  o f  e t h y l e n e  vapo r  
i n  th e  range  52000 t o  77000 cm F i g u r e  IV-2 shows t h e  s t r o n g  
Rydberg d o u b l e t s  s u p e rp o s e d  on t h e  b ro ad  N -* V t r a n s i t i o n .  F i g u r e  IV-3 
shows a c o n t i n u a t i o n  of  t h e  N -+ V f o l l o w e d  by th e  second Rydberg 
sy s tem  a t  ~71600 cm ^ w hich  a p p e a r s  t o  be su p e rp o s e d  on a second 
b road  con t inuum.  The r e s o l u t i o n  i s  n o t  a s  good a s  i n  t h e  f i r s t  
sy s t e m  o f  d o u b l e t s  beca use  th e  s l i t s  were opened from 200 t o  500
m i c r o n s .  Our o b s e rv ed  f r e q u e n c i e s  a g r e e  w e l l  w i t h  t h o s e  r e p o r t e d
1-21  1-23by W i lk in s o n  and M u l l i k e n  and W i lk in s o n
We s h a l l  now a t t e m p t  t o  show how th e  v i b r o n i c  s t e a l i n g  
mechanism might  a c c o u n t  f o r  th e  o b s e rv e d  d o u b l e t s  i n  th e  Rydberg 
s p e c t ru m .  P r i c e  and T u t t e *  ^ o r i g i n a l l y  a s s i g n e d  t h e  d o u b l e t  
s p a c i n g  a s  b e in g  one quantum o f  t h e  t w i s t i n g  v i b r a t i o n  W i lk in s o n
and M u l l i k e n ,  as sum ing  th e  R s t a t e  t o  be p l a n a r ,  c l a im e d  t h e  s p a c in g  
must  be two q u a n t a  o f  t w i s t i n g  s i n c e  i s  o f  a^ symmetry i n  
Being u nab le  t o  a c c o u n t  f o r  anomalous  i s o t o p i c  r a t i o s  and i n t e n s i t i e s ,  
t h e y  were  f o r c e d  t o  c onc lude  t h a t  t h e  R s t a t e  i s  b e n t  (D2 sym m etry ) .
L e t  us assume f o r  t h e  moment t h a t  our  computed f - v a l u e s  
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i n t e n s i t y  from d i p o l e  a l l o w e d n e s s .  Could no t  t h e  second member of
t h e  d o u b l e t  t h e n  be N -* R + Vg and g a i n  i t s  i n t e n s i t y  by v i b r o n i c
s t e a l i n g  f rom t h e  N -♦ V t r a n s i t i o n ?  T h i s  v i b r a t i o n  ( v 0) has  ao
f r e q u e n c y  o f  943 cm ^ i n  t h e  ground  s t a t e .  Tfrp. ground s t a t e
f r e q u e n c y  i s  1027 cm W i l k i n s o n  and M u l l i k e n  have found the
d o u b l e t  s p a c i n g s  on t h e  N -* R t r a n s i t i o n  i n  t h e  1744$ r e g i o n  t o
v a r y  be tw een  400 and 550 cm  ̂ ( a v e r a g e  = 470 cm *) w hich  th e y  a s s i g n e d
a s  2v^» T h e r e f o r e  th e  v a l u e  o f  i n  t h e  e x c i t e d  s t a t e  would be 
• 1
200 t o  275 cm , i n  good ag ree m en t  w i t h  t h e  c o r r e s p o n d i n g  v i b r a t i o n
21 -1  i n  e t h a n e  (v^  = 275 cm ) .
The i s o t o p i c  r a t i o  ( C -D . /C .H . )  f o r  vQ i n  t h e  ground s t a t e
2 4 2 4 o
o f  e t h y l e n e  i s  0 . 8 2 7 ,  t h a t  o f  i s  0 . 7 0 7 .  Both s e r i o u s l y  d i s a g r e e  
w i t h  t h e  r a t i o s  o b s e rv e d  f o r  t h e  N -* R t r a n s i t i o n  by W i lk in s o n  and 
M u l l i k e n  o f  0 .5 5 9  t o  0 . 5 8 5 .  Comparison o f  w i t h  t h e  t w i s t i n g
v i b r a t i o n  i n  e t h a n e  ( a l s o  d e s i g n a t e d  v^) r e v e a l s  t h e  l a t t e r  t o  have
%an  i s o t o p i c  r a t i o  o f  0 . 7 2 7 .  M u l t i p l y i n g  t h i s  by (m /m_„ ) t o
CH2 ^^3
a c c o u n t  f o r  t h e  e x t r a  h y d rogens  i n  e t h a n e  y i e l d s  0 .701  cm" , which
a g r e e s  w e l l  w i t h  t h e  ground s t a t e  v a l u e  o f  i n  e t h y l e n e .  The
21Vg v i b r a t i o n  i n  e t h y l e n e  may be compared w i t h  t h e  v i b r a t i o n
- 1
i n  e t h a n e  w h ic h  has  a n  i s o t o p i c  r a t i o  o f  0 . 7 2 2  cm . On m u l t i p l i c a t i o n  
/ %by (m„ / m ) , t h i s  becomes 0 . 6 9 6 .  T h i s  a n a l o g y  w i t h  ground s t a t e
e t h a n e ,  w h ich  r e s e m b l e s  t h e  Rydberg s t a t e  o f  e t h y l e n e  i n  t h a t  i t  has  
a  l o n g e r  C-C d i s t a n c e  and no ri^bond, t h u s  r e v e a l s  t h a t  t h e  i s o t o p i c
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r a t i o  f o r  Vg might  be l e s s  t h a n  t h a t  o f  v^ i n  t h e  Rydberg s t a t e .
T h i s  makes t h e  Vg a s s ig n m e n t  a t  l e a s t  a l i t t l e  more f e a s i b l e .
Z e l i k o f f  and Watanabe* ^  r e p o r t e d  t h a t  i n  t h e  1744$
Rydberg s y s tem ,  t h e  f i r s t  member o f  t h e  d o u b l e t  sy s t e m  i s  s t r o n g e r
t h a n  th e  s econd .  I n  t h e  sy s tem  a t  1392$,  t h e  r e v e r s e  i s  t r u e .
H ig h e r  sy s tem s  a g a i n  r e sem ble  t h e  f i r s t  s y s tem .  I f  t h e  second members
o f  the  d o u b l e t s  do g a i n  i n t e n s i t y  by t h i s  mechanism, we a r e  u nab le
t o  e x p l a i n  why i t  becomes more e f f i c i e n t  i n  t h e  1392$ sys tem which
l i e s  a t  t h e  b e g i n n i n g  o f  t h e  second b road  t r a n s i t i o n  [ p o s s i b l y
t t  - »  n*(3Py,  2 P y )  ] i n  a r e l a t i v e l y  t r a n s p a r e n t  r e g i o n .
Thus f a r  we have c o n s i d e r e d  t h e  Rydberg s t a t e  a s  b e in g
p l a n a r  and o f  D2^ symmetry.  We now c o n s i d e r  what  happens  i f  i t  i s
b e n t  a s  W i l k i n s o n  and M u l l i k e n  s u g g e s t e d .  I n  t h i s  symmetry (D2)
t h e  N -* R t r a n s i t i o n  becomes A -* The t w i s t i n g  v i b r a t i o n  v^
becomes t o t a l l y  symmetr ic  and can now c oup le  a s  a s i n g l e  quantum.
The p o s s i b i l i t i e s  f o r  v i b i  " i c  s t e a l i n g  a r e  now i n c r e a s e d  s i n c e
Vg, Vg and v -̂ q can  a l l  coup le  t o  th e  N -* R(3s)  and a l lo w  s t e a l i n g
from t h e  N -* V (A -♦ B^) t r a n s i t i o n .  Vg i s  an u n l i k e l y  c a n d i d a t e
- 1s i n c e  i t s  ground  s t a t e  f r e q u e n c y  i s  3106 cm . However,  a s
W i l k i n s o n  has  n o t e d ,  v -̂ q w i t h  a ground f r e q u e n c y  o f  810 cm  ̂ and
i s o t o p i c  r a t i o  o f  0 .7 2 3  i s  a c a n d i d a t e  f o r  a s s i g n m e n t .  I t  c o r r e s p o n d s
21t o  t h e  v i b r a t i o n  d en o ted  a s  vQ i n  e t h a n e  w i t h  an i s o t o p i c  r a t i o  o fo
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0 . 7 4 7 .  We t h u s  h a v e  t h e  same p o s s i b i l i t y  o f  v i b r o n i c  s t e a l i n g  i n  D2  
a s  i n  0 2 ^  s y m m e t r y  e x c e p t  now t h e  m e c h a n i s m  i s  p o s s i b l e  v i a  Vg a n d
v 10*
We c a n  p o s t u l a t e  a  f u r t h e r  v i b r o n i c  s i t u a t i o n  t o  a c c o u n t
f o r  t h e  d o u b l e t s  i n  D2 s y m m e t r y .  S u p p o s e  o u r  s m a l l  c a l c u l a t e d  f - v a l u e
f o r  t h e  N -* R(3s)  t r a n s i t i o n  u s i n g  § = 0 .3 0 0  i s  r e l i a b l e .  Then,
b o t h  m em ber s  o f  t h e  d o u b l e t s  m u s t  g a i n  i n t e n s i t y  b y  s t e a l i n g .  The
f i r s t  member cou ld  be N -♦ R -r v0 (Oo o r  ) ,  t h e  secondo 2. 2n
N -* R + + v ^ q ( I ^ ) • The d o u b l e t  s p a c i n g  w o u l d  c o r r e s p o n d  t o  a
- 1
ground  s t a t e  f r e q u e n c y  o f  + v -̂ q - Vg, o r  894 cm . S ince
i s  known t o  d e c r e a s e  g r e a t l y  on  g o i n g  f r o m  e t h y l e n e  t o  e t h a n e ,  a
- 1
f r e q u e n c y  o f  470 cm i n  t h e  Rydberg s t a t e  seems v e r y  r e a s o n a b l e .
The r e v e r s a l  i n  r e l a t i v e  i n t e n s i t i e s  i n  t h e  1 3 9 2 8  s y s t e m  
may b e  d u e  t o  t h e  f a c t  t h a t  t h e  N -* R + v0 l i e s  f a r t h e r  f r o m  t h eO
maximum o f  t h e  u n d e r l y i n g  c o n t i n u o u s  a b s o r p t i o n ,  m a k i n g  t h e  v i b r o n i c  
s t e a l i n g  l e s s  e f f i c i e n t .  A l l  t h e  o t h e r  d o u b l e t  s y s t e m s  l i e  d i r e c t l y  
a b o v e  s t r o n g  u n d e r l y i n g  c o n t i n u o u s  a b s o r p t i o n  [ tt -♦ n*  ( 2 p  ) f o r  t h e  
1 7 4 4 8  s y s t e m  a n d  p o s s i b l y  tt -» n*  (3 p  , 2 p ^ )  f o r  t h e  h i g h e r  s y s t e m s ] .
O n l y  t h e  1 3 9 2 8  s y s t e m  l i e s  i n  a  r e g i o n  o f  r e l a t i v e l y  w e a k  a b s o r p t i o n .
By t h i s  mechanism t h e  d o u b l e t  s p a c i n g  of  would  c o r re s p o n d
t o  a ground s t a t e  f r e q u e n c y  o f  532 cm T h i s  p r e d i c t s  an i s o t o p i c  
r a t i o  o f  0 .5 9 5 ,  w hich  i s  much b e t t e r  ag reem ent  w i t h  t h e  o b s e rv ed  r a t i o
163
o f  0 .5 5 9  - 0 .5 8 5  t h a n  i s  o b t a i n e d  i f  v , , 2v,  o r  vQ a r e  a s s i g n e d  a s
H H O
t h e  d o u b l e t  s p a c i n g .
One f u r t h e r  e x p e r i m e n t a l  f a c t  n eed s  e x p l a n a t i o n .  I t  i s  
o b s e rv e d  t h a t  t h e  r e l a t i v e  i n t e n s i t i e s  o f  t h e  d o u b l e t s  i n  t h e  17448 
s y s t e m  o f  02^  a r e  r e v e r s e d  i n  a r e  unab l e  t o  p r e d i c t  how
d e u t e r a t i o n  w i l l  e f f e c t  t h e  two v i b r o n i c  c o u p l i n g  modes (R + Vg 
and R + + V10^ * t h e y  a r e  e f f e c t e d ,  p o s s i b l y  i n  a manner which
c o u ld  a c c o u n t  f o r  t h e  i n t e n s i t y  r e v e r s a l ,  i s  p r o b a b l e .  I t  i s  l e s s
p r o b a b l e  t h a t  such  a r e v e r s a l  would be o b s e rv ed  i f  t h e  t r a n s i t i o n
g a i n s  i n t e n s i t y  o n l y  t h r o u g h  e l e c t r i c  d i p o l e  a l l o w e d n e s s ,  and 
t o t a l l y  sym m etr ic  v i b r a t i o n s  ( 2v^ i n  1^  o r  i n  D2 ) a r e  c o u p l e d .
F ig u re s -  IV-2 and IV-3  r e v e a l  s h o u l d e r s  a t  ~57050,  58350,  
and 71270 cm The f i r s t  two we can now t a k e  t o  be t h e  0 - 0  and 0 -1  
bands  o f  t h e  a l low ed  N -* R(3s)  t r a n s i t i o n .  The l a t t e r  would be th e  
0 - 0  band o f  th e  a l low ed  N -* R(4s)  t r a n s i t i o n .  The s p a c i n g  be tween  
t h e  f i r s t  two b a n d s ,  ~1300 cm \  p r o b a b l y  c o r r e s p o n d s  t o  t h e  t o t a l l y  
sym m etr ic  C=C s t r e t c h i n g  f r e q u e n c y .
Our p o s t u l a t e d  v i b r o n i c  s t e a l i n g  mechanism t h u s  o f f e r s  a 
p o s s i b l e  e x p l a n a t i o n  f o r  a l l  t h e  o b s e rv ed  e x p e r i m e n t a l  d a t a - - s o m e t h i n g  
t h e  p r e v i o u s  a s s i g n m e n t s  o f  o r  2v^ can n o t  do .  I t  seems t o  us  t h a t  
t h e  s t r o n g e s t  e v i d e n c e  i n  f a v o r  o f  t h e  a s s i g n m e n t s  i s  t h a t  t h e  
t r a n s i t i o n s ,  a p p e a r  a s  s t r o n g  s h a rp  b a n d s ,  a s  would a l lo w e d  t r a n s i t i o n s .
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Might n o t  an e s s e n t i a l l y  Rydberg MO s i t u a t e d  a t o p  a s t r o n g  t r a n s i t i o n ,  
t h u s  v e r y  e f f i c i e n t l y  s t e a l i n g  i n t e n s i t y ,  a l s o  a p p e a r  a s  s t r o n g  s h a rp  
bands?  The s i t u a t i o n  i s  un ique  i n  t h i s  m o le c u le  and t h e r e  i s  no 
p r e c e d e n c e  i n  any o t h e r  m o l e c u l a r  sy s t e m  by w hich  we may, on com par i son ,  
answer  t h i s  q u e s t i o n .  More w i l l  be s a i d  a b o u t  t h e  v i b r o n i c  s t e a l i n g  
mechanism i n  t h e  c a s e  o f  c y c l o p e n t e n e  w h ich  w i l l  lend  f u r t h e r  
c r e d e n c e  t o  i t s  b e i n g  a r e a s o n a b l e  mechanism, and p r o b a b l y  t h e  c o r r e c t  
one .
(C) E x p e r i m e n t a l  R e s u l t s :  Methyl  S u b s t i t u t e d  E t h y l e n e s .  C y c l o p e n te n e .
and Cyclohexene  i n  t h e  Vapor P h a s e ; The v a p o r  s p e c t r a  i n  F i g u r e s  IV-4  
t h r o u g h  IV-9 a r e  a l l  p l o t t e d  i n  t h e  same f r e q u e n c y  ra n g e  so t h a t  th e  
s h i f t s  on d e c r e a s e d  m e t h y l a t i o n  may be e a s i l y  s e e n .  These d a t a  a g r e e  
w e l l  w i t h  p r e v i o u s l y  r e p o r t e d  s p e c t r a  and d e m o n s t r a t e  t h e  s h i f t s  
p r e d i c t e d  so w e l l  by t h e  c o m p u t a t i o n s .  The s t r u c t u r e  i s  v e r y  d i f f u s e  
i n  most c a s e s  and no v i b r a t i o n a l  a n a l y s i s  c o u ld  be made.  The s p a c in g s  
be tween  main p eak s  a r e  1000 t o  1500 cm ^ which  i s  u s u a l l y  a s s i g n e d  
a s  C=C s t r e t c h .
F i g u r e  IV-10 shows t h e  e f f e c t  o f  v a r y i n g  s e l f - p r e s s u r e  
o f  t e t r a m e t h y l e t h y l e n e .  T a b l e s  IV-1 and IV-2 g i v e  th e  c a l c u l a t e d  
e x t i n c t i o n  c o e f f i c i e n t s  as sum ing  i d e a l  gas  b e h a v i o r  f o r  t e t r a m e t h y l ­
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e(N -  V) = (1 .22x10  ) ( O .D . )
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5 .4
F ig u r e  IV -9
E t h y le n e  and P ro p y le n e  Vapors i n  10.0  cm C e l l  a t  Room Tempera ture
,4 i n  O.D. ra n g e  0 . 1  -* 0 . 9  




oeX  r—I N -  R(3s)1 -
xlO
4 . 0 4 . 2 4 . 4 4 . 6 4 . 8  
v(cm ^xlO
5 .0 5 . 4
F i g u r e  IV -10 
P r e s s u r e  Dependence o f  Molar  E x t i n c t i o n  i n  TETME
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TABLE IV -1
PRESSURE DEPENDENCE OF ABSORPTION INTENSITY IN 
TETRAMETHYLETHYLENE VAPOR
T r a n s i t i o n max C o n d i t i o n s
N -  V 3.98x10"
4.44x10"
5.61x10"
8 . 21x 10"
1.80x10
1.23x10
( 1 . 0 0 ± 0 . 4 7 ) x l 0
P=80 m icrons  on th e rm o co u p le  gauge ,  
10 cm c e l l
P=160 m ic rons  on the rm ocoup le  gauge ,  
10 cm c e l l
P=230 m ic rons  on the rm ocoup le  gauge ,  
10 cm c e l l
P=335 m ic rons  on the rm ocoup le  gauge ,  
10 cm c e l l
P=610 m ic rons  on th e rm o co u p le  gauge ,  
1 cm c e 11
P=15 mm on t o r r  g auge ,  0 . 1  cm c e l l
Average Value
N -  R(3s) 6 . 2 3 x l 0 2 P=390 m ic rons  
10 cm c e l l
on the rm ocoup le gauge
6 . 2 3 x l0 2 P=390 m ic rons  
10 cm c e l l
on the rm ocoup le gauge
6 . 21x l 0 2 P=485 m ic rons  
10 cm c e l l
on the rm ocoup le gauge
1 . 0 4 x l 0 3 P=500 m ic rons  
10 cm c e l l
on the rm ocoup le gauge
1 . 8 2 x l 0 3 P=550 m ic ro n s  
10 cm c e l l
on the rm ocoup le gauge
6 . 3 6 x l0 2 P=24 mm on t o r r  gauge ,  1 cm c e l l
6 . 5 4 x l0 2 P=100 mm on t o r r gauge ,  0 . 1  cm c e l l
( 8 . 6 0 ± 0 .3 3 ) x l 0 " Average Value
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TABLE IV -2
PRESSURE DEPENDENCE OF ABSORPTION INTENSITY IN 
TRIMETHYLETHYLENE VAPOR
T r a n s i t i o n emax C o n d i t i o n s
* -* V 2 . 8 5 x l 0 3 P=160 m ic rons  on the rm ocoup le  gauge ,  
10 cm c e l l
3 . 9 6 x l 0 3 P=290 m ic rons  on the rm ocoup le  gauge ,  
10 cm c e l l
4 .4 9 x 1 03 P=390 m icrons  on th e rm o co u p le  gauge ,  
10 cm c e l l
1 . 4 5 x l 0 4 P=1 mm on t o r r  gauge ,  1 cm c e l l
1 . 2 5 x l 0 4 P=2 mm on t o r r  gauge ,  1 cm c e l l
6 . 8 1 x l 0 3 P=20 mm on t o r r  gauge ,  0 .1  cm c e l l
( 7 . 5 2 ± 3 . 9 8 ) x l 0 3 Average Value
 ̂ -  R(3s) 5 . 6 8 x l0 2 P=390 m ic rons  on the rm ocoup le  gauge ,  
10 cm c e l l
9 . 1 9 x l 0 2 P=550 m ic rons  on the rm ocoup le  gauge ,  
10 cm c e l l
1 . 68x l 03 P=610 m ic rons  on the rm ocoup le  gauge ,  
10 cm c e l l
8 . 4 7 x l 0 2 P=6 mm on t o r r  gauge ,  1 cm c e l l
8 . 0 5 x l 0 2 P=12 mm on t o r r  gauge ,  1 cm c e l l
7 . 7 0 x l 0 2 P=100 mm on t o r r  gauge ,  0 . 1  cm c e l l
( 9 . 3 2 ± 2 . 5 0 ) x l 0 2 Average  Value
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b o t h  th e  t r a n s i t i o n s  (N -* V and N -♦ R) i n c r e a s e  i n  i n t e n s i t y  w i t h  
i n c r e a s i n g  p r e s s u r e ,  t h e n  f a l l  o f f  a t  h i g h e r  p r e s s u r e s .
T h a t  t h e  e f f e c t  i s  n o t  due t o  an e;cror  i n  ou r  p r e s s u r e
measurements  i s  e v id en ced  by t h e  f a c t  t h a t  t h e  N -* V t r a n s i t i o n  i s
more e f f e c t e d  by i n c r e a s i n g  p r e s s u r e  t h a n  i s  t h e  N -* R t r a n s i t i o n .  
A l s o ,  t h e  maximum e x t i n c t i o n  c o e f f i c i e n t  o c c u r s  a t  d i f f e r e n t  p r e s s u r e s  
f o r  t h e  two t r a n s i t i o n s .  I t  i s  s u r p r i s i n g  t h a t ,  even  a t  such  low
p r e s s u r e  ( 0 . 1  t o  100 mm), the  N -* R i s  n o t  more e f f e c t e d .  I t  s h o u ld ,
b e i n g  a t r a n s i t i o n  t o  a l a r g e  d i f f u s e  a t o m i c - l i k e  o r b i t a l ,  d e c r e a s e  
i n  i n t e n s i t y  w i t h  i n c r e a s i n g  p r e s s u r e .  We migh t  t a k e  t h i s  to  
mean t h a t  th e  n = 3 quantum l e v e l  o f  c a rb o n  compounds i s  n o t  so 
a t o m i c - l i k e  a s  everyone  as sum es .  Maybe i t  does  behave  a l i t t l e  
l i k e  v a l e n c e - s h e l l  AO's s i n c e  o n l y  e x t r e m e l y  h i g h  p r e s s u r e s  or  
condensed  p h a s e s  a c t u a l l y  wash o u t  t h e  Rydberg t r a n s i t i o n s .
F i g u r e s  IV-4 th r o u g h  IV-9 and F i g u r e s  I V - 11 and I V - 12 
p r e s e n t  fo rm u lae  f o r  c o n v e r t i n g  o p t i c a l  d e n s i t y  t o  molar  e x t i n c t i o n  
c o e f f i c i e n t .  These fo rm u lae  a r e  i n  e v e r y  c a s e  n o r m a l i z e d  t o  the  
a v e ra g e  c o n v e r s i o n  f a c t o r  o b s e rv ed  i n  t e t r a m e t h y l e t h y l e n e  and 
t r i m e t h y l e t h y l e n e .
F i g u r e s  IV-11 and IV-12 show th e  v a p o r  a b s o r p t i o n s  of  
c y c lo h ex en e  and c y c l o p e n t e n e .  The s t r u c t u r e  and p o s i t i o n  o f  the  
N -* R t r a n s i t i o n  i n  c y c lo h ex en e  i s  r e m a r k a b ly  s i m i l a r  t o  t h a t  of  
c i s - b u t e n e - 2 .  The main s p a c i n g  i s  u s u a l l y  assumed t o  be C-C s t r e t c h .
(N -* V) = (1 .5 8 x 1 0  ) (O .D . )0 .9
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C yclohexene  t h u s  a p p e a r s  t o  e x h i b i t  t h e  t y p i c a l  s p e c t r a l  c h a r a c t e r i s t i c s
o f  o l e f i n s .  However, c y c l o p e n t e n e 1s N -* R t r a n s i t i o n  a p p e a r s  t o  d i f f e r
f rom  t h a t  o f  a l l  o t h e r  o l e f i n s ,  h a v in g  a s p a c in g  o f  ~130 cm T h is
s p a c i n g  i s  shown more c l e a r l y  i n  F i g u r e  I V - 13 where t h e  d a t a  i s
p l o t t e d  on an expanded f r e q u e n c y  s c a l e .  The p e a k s  a g r e e  w e l l  w i t h
11-13t h o s e  o f  C a r r  and S t u c k l e n  w i t h  th e  a d d i t i o n a l  f e a t u r e  t h a t  th e
p eak  t h e y  r e p o r t e d  a t  48490 cm * a p p e a r s  a s  a d o u b l e t  i n  o u r  s p e c t ru m
a t  48450 and 48497 cm The u s u a l  i n t e r p r e t a t i o n  o f  t h i s  s p ec t ru m
i s  t h a t  t h e  a v e r a g e  s p a c i n g  (~130 cm i s  due t o  e i t h e r  r i n g
p u c k e r i n g  (v  ) o r  a t o r s i o n a l  r i n g  v i b r a t i o n  (v T) .  No e x p l a n a t i o n  
P i
h a s  been, o f f e r e d  a s  t o  why t o t a l l y  symmetr ic  v i b r a t i o n s  do n o t  a p p e a r  
on t h i s  s u p p o s e d ly  a l lo w ed  t r a n s i t i o n .
The Vy i s  e s s e n t i a l l y  a t o r s i o n  a b o u t  t h e  doub le  bond and has
-1  22 b een  o b s e rv e d  a t  386 cm i n  t h e  Raman e f f e c t .  Such a v i b r a t i o n
would be e x p e c t e d  t o  be g r e a t l y  d e c r e a s e d  i n  e n e r g y  on go ing  t o  t h e
e x c i t e d  R s t a t e  and th e  o b s e rv ed  s p a c i n g  o f  130 cm  ̂ i s  v e r y  r e a s o n a b l e .
The vp i s  a p u c k e r i n g  v i b r a t i o n  of  t h e  c y c l o p e n t e n e  r i n g  and has
23been  shown by Laane and Lord t o  have s t r o n g l y  anharm onic  en e rg y  
l e v e l s .  Such a v i b r a t i o n ,  i n  w hich  t h e  d o u b le -b o n d e d  c a rb o n s  move 
t o g e t h e r ,  s h o u ld  be l e s s  e f f e c t e d  by e l e c t r o n i c  e x c i t a t i o n .  Tab le  
IV-3  g i v e s  t h e  s p a c i n g s  measured  from t h e  47596 cm  ̂ peak  i n  t h e  U.V. 
s p e c t r u m .  T h i s  i s  compared w i t h  I . R .  f r e q u e n c i e s  r e p o r t e d  by Laane 
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ANALYSIS OF VIBRATIONAL STRUCTURE ON THE N -> R(3s)  TRANSITION 
IN CYCLOPENTENE BY COMPARISON WITH v FROM IR DATA*--------------------------------------------------------------------- p----------------------------
-1  +U.V. S pac ing  (cm ) IR Spacing  (cm *") Ass ignment




343 384 0 - 6vP
458 484 0 —♦
7VP
597 592 0 —♦ 8vp
737 705 0 - 9vP
854 824 0 —♦ lOv
901 944 0 —>
1042 1064 0 -
12*p
1184 1184 0 -4 13v
P
1328 1304 0 - 14vp
1472 1424 0 -4
15vp
1592 1544 0 16v
P
1714 1664 0 -4 17v p
1836 1784 0 “4 18v
P
I . R .  d a t a  i s  t a k e n  from Laane and Lord ,  Chem. P h y s . . 47 ,  4941 
(1 9 6 7 ) .  They r e p o r t  f r e q u e n c i e s  up to  10vp.  Above t h i s  l e v e l  we 
assume Vp »  120 cm- ^.
t  - 1S p a c in g s  a r e  measured from t h e  i n i t i a l  peak a t  47596 cm
180
s p a c i n g  o f  120 cm ^ beyond t h i s  l e v e l .  The ag reem en t  i s  r e m a r k a b l e .
They were a b l e  t o  e x p l a i n  t h e  I . R .  s p e c t r u m  on th e  b a s i s  o f  a d o u b l e ­
minimum p o t e n t i a l  f u n c t i o n .  Low e n e r g y  t r a n s i t i o n s  were  o b s e rv e d  t o  
o c c u r  o n ly  a s  tw o -q u a n ta  t r a n s i t i o n s  (1 -* 3 and 0 -» 2 ) .  Such a 
s i t u a t i o n  e x i s t i n g  i n  t h e  R s t a t e  would e x p l a i n  why two q u a n ta  a r e  
o b s e rv ed  f o r  t h e  f i r s t  t h r e e  v i b r a t i o n a l  p e a k s  i n  t h e  U.V. sp e c t ru m .
One o f  t h e  two a s s i g n m e n t s  ( v p o r  vp ) o r  a c o m b in a t io n  o f  
them must be used t o  e x p l a i n  t h e  s t r u c t u r e  on th e  N -* R t r a n s i t i o n .
In  o u r ' c o o r d i n a t e  f ram e ,  t h e  symmetry o p e r a t o r s  i n  become E,
C2 ( x ) ,  ov ( x z ) ,  and o ^ ( x y ) . Under t h e s e  o p e r a t i o n s  t h e  N -* R t r a n s i t i o n
i s  A^ -* B2 and i s  y - a l l o w e d ,  t h e  N -♦ V t r a n s i t i o n  i s  -* and i s  
z - a l l o w e d ,  vp i s  o f  b 2 symmetry,  and v,j, i s  o f  a 2 symmetry.  We now 
c a l l  on our v i b r o n i c  s t e a l i n g  mechanism t o  e x p l a i n  why a n o n - t o t a l l y  
sym m etr ic  v i b r a t i o n  shou ld  dom ina te  t h e  o b s e r v e d  s t r u c t u r e  i n  an  a l lo w e d  
t r a n s i t i o n .  The r e a s o n  a g a i n  a p p e a r s  t o  be b e c a u se  most  o f  t h e  
i n t e n s i t y  i s  o b t a i n e d  v i a  t h e  s t e a l i n g  mechanism. The can c oup le  t o  
t h e  N -* R t r a n s i t i o n ,  making i t  v i b r o n i c a l l y  z - a l l o w e d  and e n a b l i n g  
i t  t o  s t e a l  i n t e n s i t y  f rom t h e  N -* V (rt  TT*) a t  5 . 3 4  ev f rom th e  
co m p u ta t io n s .T h e  vp can c o u p le  t o  t h e  N -* R t r a n s i t i o n ,  making i t  
v i b r o n i c a l l y  x - a l l o w e d  and e n a b l i n g  i t  t o  s t e a l  i n t e n s i t y  from t h e  
tt -* tt" t r a n s i t i o n  computed t o  be a t  7 . 3 6  e v .  No m a t t e r  which  
v i b r a t i o n a l  a n a l y s i s  o f  t h e  s p e c t r u m  i s  a c c e p t e d  (v p o r  v^,  o r  b o t h ) ,
t h i s  mechanism e x p l a i n s  t h e  p r e s e n c e  o f  n o n - t o t a l l y  sym m etr ic  v i b r a t i o n s
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and th e  a b s e n c e  of  t o t a l l y  symmetr ic  ones .  C y c lo p en ten e  t h u s  becomes
n o t  an a t y p i c a l  c a s e ,  b u t  behaves  a s  do th e  o t h e r  o l e f i n s .  I t  a p p e a r s
d i f f e r e n t  from th e  o t h e r s  o n ly  b eca u se  i t  i s  t h e  o n ly  case  where th e
t o t a l l y  symmetr ic  v i b r a t i o n s  d i f f e r  g r e a t l y  i n  en e rg y  from th e  non-
t o t a l l y  symmetr ic  ones  which  a l lo w  v i b r o n i c  s t e a l i n g  t o  o c c u r .  We
have n o t  a s  y e t  a n a l y z e d  th e  v i b r a t i o n a l  s t r u c t u r e  on th e  Rydberg
24bands  i n  t h e  m e thy l  s u b s t i t u t e d  o l e f i n s .  I t  i s  known t h a t  the
i s o m e r i c  b u t e n e s  p o s s e s s  v i b r a t i o n a l  modes of  t h e  c o r r e c t  symmetry
[ b n i n  i s o b u t e n e  (C., ) ,  a ,  i n  c i s - b u t e n e - 2 . ( C ) ,  and b i n  t r a n s -  l  2 v 2v ’ 2 % 2v ’ g
b u t e n e - 2  ( ^ 2^)1  t 0  a l l o w  s t e a l i n g  from th e  N -> V t r a n s i t i o n .  F u r t h e r ,  
t h e s e  modes a r e  e n e r g e t i c a l l y  o f  t h e  same o r d e r  of  magnitude  as  th e  
t o t a l l y  symmetr ic  C=C s t r e t c h i n g  mode. S ince  our  i n t e n s i t y  c a l c u l a t i o n s  
( u s i n g  ~ 0*483) a g r e e  w e l l  w i t h  ex p e r im e n t  f o r  t h e  i s o m e r i c  
b u t e n e s ,  we e x p e c t  v i b r o n i c  s t e a l i n g  and d i p o l e  a l l o w e d n e s s  t o  be of  
com parab le  e f f i c i e n c y .  The N -» R t r a n s i t i o n  i n  t h e s e  compounds shou ld  
e x h i b i t  b o t h  t o t a l l y  symmetr ic  and n o n - t o t a l l y  symmetr ic  v i b r a t i o n a l  
modes.  I t  a p p e a r s  from th e  i n t e n s i t y  c a l c u l a t i o n s  t h a t  i n  e t h y l e n e ,  
t e t r a m e t h y l e t h y l e n e ,  t r i m e t h y l e t h y l e n e ,  and c y c l o p e n t e n e ,  t h e  
v i b r a t i o n a l  s t e a l i n g  mechanism p r e d o m i n a t e s .
(D) A b s o r p t i o n  S p e c t r a  o f  L i q u id  O l e f i n s : F i g u r e s  I V - 14 th r o u g h
IV-17 show t h e  i n i t i a l  a b s o r p t i o n  in  v a r i o u s  l i q u i d  o l e f i n s  i n  the  
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F i g u r e  I V - 17
A b s o r p t i o n  S pec t rum o f  L i q u i d  C yc lopen tene  and Cyclohexene
t r i m e t h y l e t h y l e n e ,  c y c l o p e n t e n e ,  and c y c l o h e x e n e  were  r u n  a t  room
t e m p e r a t u r e .  The i s o m e r i c  b u t e n e s  were  c o l l e c t e d  a s  l i q u i d s  a t
d r y - i c e  t e m p e r a t u r e s  and m a i n t a i n e d  a s  l i q u i d s  i n  the c e l l s  a t
t e m p e r a t u r e s  below room t e m p e r a t u r e .  E x t i n c t i o n  c o e f f i c i e n t s  were
c a l c u l a t e d  u s i n g  d e n s i t i e s  and m o l e c u l a r  w e i g h t s  a s  g iv e n  i n
T ab le  IV-4  t o  compute m o l a r i t i e s  o f  t h e  p u re  l i q u i d s .  The s p e c t r a
a r e  a l l  p l o t t e d  on t h e  same wavenumber s c a l e .  T e t r a m e t h y l e t h y l e n e
shows a band w i t h  t h r e e  s t r u c t u r e d  p eak s  a t  ab o u t  34000 cm ^ w i t h
an  e x t i n c t i o n  c o e f f i c i e n t  o f  0 . 8 .  No such  peak  i s  a p p a r e n t  i n
t r i m e t h y l e t h y l e n e .  However,  i s o b u t e n e  and c i s - b u t e n e - 2  show
d e f i n i t e  s h o u l d e r s  a t  -^44000 and 45000 cm Both  have e x t i n c t i o n s
o f  ~1  and a r e  l o c a t e d  i n  a r e g i o n  where t h e  i n t e n s i t y  i s  r i s i n g  on
-1
h i g h e r  e x c i t a t i o n s .  C y c lo p e n te n e  shows a  s h o u l d e r  a t  ~39000 cm
w i t h  a m ola r  e x t i n c t i o n  o f  ab o u t  1.  Cyc lohexene  shows a d e f i n i t e
peak  a t  39000 cm * w i t h  a m o la r  e x t i n c t i o n  o f  ~ 2 .
These p e a k s  may w e l l  be t h e  N -» R*(or N -* o*) a s  t h e
c o m p u ta t i o n s  p r e d i c t .  Because  o f  t h e  d i f f u s e  u n d e r l y i n g  a b s o r p t i o n  
- 2  -1( e  = 10 - 10 ) ,  we a r e  u n a b l e  t o  e s t i m a t e  f - v a l u e s .  However,
t h e  s p e c t r a  show t h e  t r a n s i t i o n  t o  be w eaker  i n  t e t r a m e t h y l e t h y l e n e  
t h a n  i n  i s o b u t e n e  and c i s - b u t e n e - 2  a s  c o m p u ta t i o n s  p r e d i c t .  The 
t r a n s i t i o n  i s  n o t  o b s e rv ed  i n  t r a n s - b u t e n e - 2  a s  p r e d i c t e d  by th e  
c a l c u l a t i o n s  ( f  = 10 ^ ) . T a b le  IV-5 shows a co m p ar i so n  between 
e x p e r i m e n t  and c a l c u l a t i o n s .  The a g r e e m e n t ,  a l t h o u g h  n o t  a s  im p r e s s i v e
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TABLE IV-4 
MOLARITIES OF LIQUID OLEFINS
Compound D e n s i t y  
... ( g /m l )
M o le c u la r  Weight  
( g /m o le )
M o l a r i t y
(m o l e s / e )
ISOB 0 . 5 9  a t  20°C* 56 10 .5
c i s  B 0 .6 2 1 3  a t  20°C 56 1 1 .1
t r a n s  B 0 .6041  a t  20°C 56 1 0 .8
TRIME 0 .6 6 2 0  a t  20°C 70 9 .46
TETME 0.7 0 8 1  a t  20°C 84 8 .43
Cyc lopen tene 0 .7 7 4 3  a t  18°C 68 1 1 .4
Cyclohexene 0 .8 1 1 0  a t  20°C 82 9 .89
IT h i s  v a l u e  f o r  i s o b u t e n e  i s  t a k e n  from Lang s Handbook of  C hem is t ry  
( 9 t h  e d i t i o n ) ,  Handbook P u b l i s h e r s  I n c .  ( 1 9 5 6 ) .  A l l  o t h e r  d e n s i t i e s  
a r e  f rom The Handbook o f  C h em is t ry  and P h y s i c s  ( 4 6 t h  e d i t i o n ) ,  The 
Chem ical  Rubber Co. (1964 ,  1965) .
TABLE IV -5
COMPARISON OF EXPERIMENTAL AND CALCULATED EXCITATION ENERGIES 
FOR THE N -» R* (tt -  a * )  TRANSITION
M olecu le -]  - 4  E(cm x!LO ) ,  c a l c d . -1  -4  E(cm xlO ) ,  exp .
ISOB 4 .4 9 4 . 4
c i s  B 4 . 5 0 4 . 5
t r a n s  B 3 .49  ( f = 1 0 - 7 ) n o t  o bse rved
TRIME 3.37 n o t  o bse rved
TETME 2 . 7 4 3 . 4
C y c lo p en ten e 3 .9 0 3 .9
Cyclohexene ------ 3 .9
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a s  f o r  th e  N -♦ V and N -* R t r a n s i t i o n s ,  i s  good .  We o f f e r  no
e x p l a n a t i o n  f o r  t h e  f a i l u r e  t o  o b s e rv e  t h e  peak i n  t r i m e t h y l e t h y l e n e .
-1
I t  s h o u ld  o c c u r  a t  33700 cm a c c o r d i n g  t o  t h e  c o m p u ta t i o n s .
- 2  -1I n  eac h  m o l e c u le ,  t h e  u n d e r l y i n g  a b s o r p t i o n  (e  = 10 - 10 )
m igh t  be due t o  N -* T and N -» T t r a n s i t i o n s .  Assuming the  peaks
R
t o  be a s  wide  a s  t h e i r  c o r r e s p o n d i n g  s i n g l e t - s i n g l e t  t r a n s i t i o n s ,  
t h e y  would have f - v a l u e s  o f  ~10 T h i s  a g r e e s  w e l l  w i t h  our  s p i n -  
o r b i t  c o u p l i n g  c o m p u t a t i o n s .  In  F i g u r e  IV-16 th e  s p e c t r a  o f  t h e  
i s o m e r i c  b u t e n e s  show what  a p p e a r  t o  be two weak t r a n s i t i o n s  a t  ab o u t  
34000 and 40000 cm These a r e  t e n t a t i v e l y  a s s i g n e d  as  N -* T 
and N -♦ T^,  r e s p e c t i v e l y .
We f e e l  r a t h e r  c o n f i d e n t  t h a t  t h e s e  peaks  a r e  r e a l  and n o t  
t h e  r e s u l t  o f  i m p u r i t y  a b s o r p t i o n s .  The m a n u f a c t u r e r s '  s p e c i f i c a t i o n s  
q u o te  p r o b a b l e  i m p u r i t i e s  a s  b e in g  o t h e r  m o n o - o l e f i n s ,  w hich  have no 
s t r o n g  peaks  i n  t h i s  r e g i o n .  Even a r o m a t i c s  o r  c o n j u g a t e d  h y d ro c a rb o n s  
cou ld  n o t  c ause  an  e x t i n c t i o n  o f  1 i f  p r e s e n t  i n  such  low c o n c e n t r a t i o n s .  
We t h u s  f e e l  p l e a s e d  t o  have e x p e r i m e n t a l l y  found th e  N -* R* t r a n s i t i o n  
( a c t u a l l y  tt -* o* i n  most  c a s e s )  which  was p r e d i c t e d  by MO c a l c u l a t i o n s  
p r i o r  t o  t h e  e x p e r i m e n t .
CHAPTER V 
SUMMARY OF RESULTS
Our r e s u l t s  may be summarized as  f o l l o w s :
(1)  The s t r o n g e s t  t r a n s i t i o n  i n  o l e f i n s  l i e s  i n  t h e  r a n g e  5 -♦ 7 ev 
and i s  N -* V (rr —♦ n*) i n  n a t u r e .  I t s  p o s i t i o n  and i n t e n s i t y  ( f  = 0 .3 0 )  
i n  t h e  s p e c t r a  o f  m e thy l  s u b s t i t u t e d  e t h y l e n e s  a g r e e  v e r y  w e l l  w i t h  
c o m p u t a t i o n a l  r e s u l t s .  The s h i f t  i n  t h i s  t r a n s i t i o n  on i n c r e a s e d  
m e t h y l a t i o n  a p p e a r s  t o  be due t o  b o t h  ch a rg e  t r a n s f e r  and h y p e r ­
c o n j u g a t i o n .  I t  i s  a l s o  s t r o n g l y  depende n t  on m o l e c u l a r  geom etry
and ground s t a t e  s t a t i c  d i p o l e  moment. The o r d e r  o b s e rv e d  f o r  th e  
e x c i t a t i o n  e n e r g i e s  i n  t h e  i s o m e r i c  b u t e n e s  (where c h a rg e  t r a n s f e r  
and h y p e r c o n j u g a t i o n  e f f e c t s  a r e  e q u a l )  i s  n i c e l y  r e p r o d u c e d  by t h e  
c a l c u l a t i o n s .
_ 2
(2 )  The n e x t - s t r o n g e s t  t r a n s i t i o n  (E = 5 -* 6 . 5  ev ,  f  ~  10 ) o b s e rv e d  
i n  t h e  v a p o r  s p e c t r a  i s  u n d o u b te d ly  N -♦ R(3s)  i n  n a t u r e .  The p o s i t i o n  
seems m a in ly  d ep en d e n t  on t h e  number o f  m e thy l  g ro u p s  a t t a c h e d  t o  t h e  
d o u b le  bond ,  n o t  on t h e  n a t u r e  o r  a r r a n g e m e n t  o f  t h e  m e th y l  g r o u p s .  
Agreement be tw een  c a l c u l a t i o n  and e x p e r i m e n t  i s  e x t r e m e l y  good.
(3)  The i o n i z a t i o n  p o t e n t i a l  s h i f t s  w i t h  i n c r e a s e d  m e t h y l a t i o n  as  
p r e d i c t e d  by th e  c a l c u l a t i o n s .  I t  seems m o s t l y  d e p e n d e n t  on th e  
c h a rg e  t r a n s f e r  mechanism.
(4)  A weaker  t r a n s i t i o n  a t  t h e  o n s e t  o f  a b s o r p t i o n  h a s  been  
p r e d i c t e d  by t h e  c o m p u ta t i o n s  t o  be N -* R* ( tt -* a*) i n  n a t u r e .  Such
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a t r a n s i t i o n  does  a p p e a r  t o  e x i s t  i n  t h e  s p e c t r a  o f  t h e  p u re  l i q u i d  
o l e f i n s .
- 2  -1(5)  The d i f f u s e  i n i t i a l  a b s o r p t i o n  i n  o l e f i n s  ( e  = 10 - 10 )
a p p e a r s  t o  be due t o  N -» T and N -* T t r a n s i t i o n s .  T h i s  t e n t a t i v eK
a s s ig n m e n t  i s  made on com par i son  o f  e x p e r i m e n t a l  i n t e n s i t i e s  w i t h  
t h o s e  c a l c u l a t e d  by s p i n - o r b i t  c o u p l i n g .
( 6 ) I t  i s  p ro p o s e d  t h a t  t h e  N -* R(3s)  t r a n s i t i o n  i n  o l e f i n s  g a i n s  
a t  l e a s t  a p a r t  o f  i t s  i n t e n s i t y  v i a  a v i b r o n i c  s t e a l i n g  ( f ro m  the  
N -* V) i^echanism. Such a mechanism p r o v i d e s  an e x p l a n a t i o n  f o r  t h e  
d o u b l e t  sy s tem s  i n  t h e  Rydberg s e r i e s  o f  e t h y l e n e .  I t  a l s o  o f f e r s  
an e x p l a n a t i o n  f o r  t h e  o b s e rv ed  a n o m a l i e s  i n  i s o t o p i c  r a t i o s  and 
i n t e n s i t i e s ,  h e r e - t o - f o r e  I n e x p l i c a b l e  i n  t e rm s  of  t h e  t r a n s i t i o n  
b e i n g  d i p o l e  a l lo w e d  and t h e  d o u b l e t  s p a c in g  b e i n g  due t o  t h e  
t w i s t i n g  v i b r a t i o n .  T h i s  mechanism a l s o  e x p l a i n s  t h e  p redom inace  o f  
n o n - t o t a l l y  sym m etr ic  v i b r a t i o n s  i n  t h e  N -♦ R(3s)  t r a n s i t i o n  i n  
c y c l o p e n t e n e . We f e e l  t h i s  i s  s t r o n g  e v i d e n c e  i n  s u p p o r t  o f  t h e  
m e ch an is m 's  v a l i d i t y .  I n  t e t r a m e t h y l e t h y l e n e ,  t r i m e t h y l e t h y l e n e ,  
c y c l o p e n t e n e  and e t h y l e n e ,  t h e  N -* R(3s)  g a i n s  most  o f  i t s  i n t e n s i t y  
v i a  t h i s  mechanism. In  p r o p y l e n e ,  c y c lo h e x e n e ,  and t h e  i s o m e r i c  
b u t e n e s ,  d i p o l e  a l l o w e d n e s s  and v i b r o n i c  s t e a l i n g  seem t o  be o f  
com parab le  i m p o r t a n c e - - a l l o w i n g  b o t h  t o t a l l y  sym m etr ic  and n o n - t o t a l l y  
sym m etr ic  v i b r a t i o n s  t o  a p p e a r  i n  t h e  Rydberg s p e c t r a .
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(7)  I n  g e n e r a l  we c onc lude  t h a t  t h e  n=3 quantum l e v e l  o f  c a rbon  
compounds i s  n o t  so Rydberg ( a t o m i c - l i k e )  i n  n a t u r e  a s  i s  g e n e r a l l y  
assumed.  The p o s s i b i l i t y  o f  mix ing  w i t h  l o w - l y i n g  v a l e n c e - s h e l l  MO's 
in b o t h  b ond ing  and a n t i b o n d i n g  c o m b in a t i o n s  i s  c l e a r l y  d e m o n s t r a t e d .
( 8) In  c y c l i c  m o n o - o l e f i n s ,  a new s p e c t r a l  f e a t u r e  a p p e a r s .  The 
s t r o n g  N -» V a b s o r p t i o n  i s  b roadened  c o n s i d e r a b l y  due t o  o v e r l a p p i n g  
l o w - l y i n g  t t , t t  t r a n s i t i o n s  r e s u l t i n g  from prr o r b i t a l s  on t h e  r i n g .
(9)  Com puta t ions  on c y c l i c  m o n o - o l e f i n s ,  m e th y len e  c y c l o a l k a n e s ,  
and c y c l o a l k y l i d e n e  c y c l o a l k a n e s  i n d i c a t e  t h a t  a ~ s t r a i n  i n c r e a s e s  
t h e  c o n t r i b u t i o n  of  v a l e n c e - s h e l l  AO's t o  l o w - l y i n g  t r a n s i t i o n  of  
t h e  t y p e  n  -♦ a* .
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